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ABSTRACT 
 
It is not uncommon for vehicles towing caravans to use more than double the fuel than 
normal. This massive increase in fuel usage is almost entirely due to the changed 
aerodynamics. This project focuses on improving the aerodynamics of a specific 
caravan with minimal impact on the useability and practicality of the caravan.  
 
The caravan’s current aerodynamic characteristics are evaluated and optimised using 
CFD software. The CFD software is utilised to perform a parametric study on specific 
areas of the caravan’s geometry to determine the optimum shape and size of specific 
features. Results found show that optimising the aerodynamics of the JPC caravan can 
reduce the drag forces by approximately 29.5% while having little impact on practical 
aspects of the caravan.  
 
The results have shown that the reduction in drag forces can be achieved through the 
implementation of four different modifications. The optimisation of caravans ride height 
can accomplish an overall possible reduction in drag forces of 15%. Optimising the 
distance from the tow vehicle to the caravan showed potential decreases of drag forces 
ranging from 9% to 15%. Coupled with the positioning of the caravan a further 10% 
reduction in drag forces are obtainable through the modification of an already existing 
front to roof chamfer. The introduction of a new roof to rear caravan chamfer can also 
be used to achieve further reductions of around 5%.   
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NOMENCLATURE 
 
The following abbreviations have been used throughout the dissertation:- 
 
 
CFD  Computational Fluid Dynamics  
 
USQ  University of Southern Queensland 
 
OH&S  Occupational Health and Safety  
 
km/h   kilometres per hour  
 
GVM  Gross Vehicle Mass 
 
SUV  Sports Utility Vehicle 
 
m/s  metres per second 
 
kg/m
3
  kilograms per metres cubed 
 
N  Newtons 
 
hp  horsepower 
 
FEA  Finite Element Analysis 
 
SST  Shear Stress Transport 
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CHAPTER 1 – INTRODUCTION 
 
1.1 Outline of the Study 
 
This study focuses on the characteristics of the aerodynamics of a car and caravan 
through the use of CFD software. The need to optimise the aerodynamic efficiency of a 
car towing a caravan was identified by JPC Engineering and expressed through the 
University of Southern Queensland. Through personal experience and testing JPC 
observed prominent economic gains by varying the shape of a caravan being towed at 
speeds in excess of 80 km/h.  
 
The foreseen potential benefits by lowering the drag of a caravan also included but not 
limited to; faster acceleration, maintain faster speeds with less power, reduced stress on 
vehicle components, less wind noise and an overall improvement without any predicted 
shortcomings. The broader study will investigate methods of optimising the 
aerodynamics of a caravan through CFD software while having minimal effects on the 
other important aspects of a caravan to the consumer. Certain aspects of the caravan 
shape will be modified to optimise the aerodynamics of that section of the caravan 
through recommended changes suggested by JPC and other potential gains discovered 
through a literature review.        
 
 
1.2 Project Sponsor 
 
JPC Engineering is an engineering consultancy business with over 20 years of 
experience working in a number of different fields. JPC Engineering’s projects have 
ranged from local power stations, to both national and international assignments. The 
tasks undertaken by JPC include national work contracting for the Royal Australian Air 
Force and work for the Millmerran Power Station. JPC played a significant role in 
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major structural repairs to a F111 Strike Bomber aircraft through the use of laser 
scanning for 3D modelling. JPC also partook in work for the Millmerran Power Station 
designing transport frames for three turbines. 
 
 
1.3 Aims and Objectives 
 
The aim of this project is to investigate the change and minimise the drag of a caravan 
by constructing CFD models of proposed caravan modifications. The list of following 
objectives has been described in the project specification Appendix A: 
 
1. Research the background information relating to caravan drag and caravan CFD 
models. 
 
2. Record current prototype geometries and collect pre-recorded data.  
 
3. Generate a model that accurately represents the current prototype. 
 
4. Run Simulations of the prototype model to verify its accurate representation of the 
caravan. 
 
5. Perform a parametric study with the proposed prototype modifications.  
 
6. Submit an academic dissertation on the research. 
 
 
1.4 Dissertation Structure 
 
Chapter 1 introduces the research project and contributes information related to the 
project and the project sponsor JPC Engineering. The dissertation structure and other 
important aspects such as the aims and objectives of the project, project methodology 
and risks related to the project are also introduced and discussed. 
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Chapter 2 consists of a detailed review of literature based around caravan drag and 
CFD models. Along with caravan history and aerodynamics the review will also 
investigate literature related to other CFD uses and how they may relate to caravans. 
Aerodynamic material that may be relevant to caravan aerodynamics such as that of 
trains or trucks will also be considered.   
 
Chapter 3 carries out the methodology process which details the generation of the 
vehicle geometry, the grid independence study and the CFX setup for the simulations. 
The chapter also contains measures that were taken to make the simulations more 
efficient and verifies that the models can be used to accurately reflect reality.  
 
Chapter 4 carries out the parametric study on the caravan dimensions. Methods used to 
make the parametric study more efficient are also discussed. The parametric study limits 
and the reasons for the dimension limits are also conversed along with justifications for 
neglecting certain variations.   
 
Chapter 5 lists the results found from the parametric study in chapter 4 and is broken 
up into sections containing each geometry variation. Graphs and tables are presented 
along with important visual representations of the airflow. Brief descriptions of the 
tables and figures are also listed with their respected appendix sources. 
  
Chapter 6 discusses the results presented in chapter 5 and compares them to what was 
expected. The impact the results could have on caravan practicality along with ways to 
avoid these complications are also discussed. A final recommended caravan setup is 
also presented along with its justification and results. 
 
Chapter 7 provides conclusions found as a result of the parametric study and lists 
future tasks to be carried out. The chapter also provides a list of general 
recommendations on what modifications should be made to the current caravan to 
improve its aerodynamic efficiency. The limitations and future work is also discussed.  
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1.5 Consequential Effects  
 
Towing a caravan results in an increase in fuel usage as a result of the extra weight 
added to the GVM of the vehicle and the extra surface area being forced through the air. 
This extra fuel usage as a result of towing a caravan can be seen to have a negative 
impact on the environment in the long term and poses possible sustainability issues. The 
aim of this project being to reduce the overall drag of a car towing a caravan and as a 
result reduce the fuel usage of that car should only prove beneficial to the environment 
and make finite resources more sustainable. The reduction in drag can also reduce 
caravan tyres travelling more kilometres before needing to be replaced and ultimately 
result in less waste production.  
 
The current trend in the caravan market as indicated by JPC research is that consumers 
prioritise cosmetic and internal features over less obvious caravan features such as the 
impact on fuel economy. It is possible that the findings of this Project in the long term 
may lead to not necessarily a change in consumer priorities but a larger focus on the 
aerodynamic properties of caravans on the market. This higher priority on aerodynamics 
and fuel efficiency would ultimately lead to manufacturers focusing more heavily on the 
fuel usage increase a caravan imposes. With manufactures focusing more on the impact 
on efficiency caravans have and improving this efficiency, the damage caravans have on 
the environment will decrease and caravans will become more sustainable.  
 
The main area of the study which could pose potential negative environmental impacts 
is in the reshaping of caravans to achieve better airflow. This shaping of the caravan 
could involve higher energy costs to achieve the desired aerodynamics. While the 
construction of specific shapes would improve the aerodynamics of a caravan, the likely 
hood of these shapes being manufactured and implemented is unlikely due to the higher 
associated cost. The aerodynamic gains achieved by specific shapes being employed on 
a caravan will almost certainly not justify the initial extra cost of these features. 
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1.6 Project Methodology 
 
A methodology is required to define the way the tasks involved in the project will be 
carried out. There is a number of different ways and steps in creating a successful and 
accurate CFD model in ANSYS CFX. The first basic step as outlined in the project 
specifications is to generate a model which accurately reflects the current JPC 
prototypes and tests. Once a model that accurately represents reality has been generated 
and tested the modifications to this model will also represent how the airflow will 
change. As long as the results of the changed models are within the initial limits set by 
the prototype results, the modifications will be accurately represented. The first step in 
generating a CFD model in ANSYS CFX is generating geometry which accurately 
reflects the shape of the vehicle without being over complicated due to the node limits 
set in the ANSYS license.  
 
Once a number of car models have been constructed with varying levels of detail the 
next step is to generate a mesh for each model. Different mesh element sizes will then 
need to be created for each model and refined until the results stop to change. Any 
further mesh refinements once the results of the models stop to change will only result 
in more lengthy calculations and wasted time. Once the appropriate meshes have been 
generated for each model the results can then be compared to that of actual drag 
coefficients found through research. 
  
After comparing the models and meshes with the known data collected an appropriate 
geometry detail and mesh refinement which best represents reality can be selected. This 
car model can then have caravans geometries added to them. These caravan geometries 
will reflect the caravans used in fuel usage tests conducted by JPC and be modelled to 
the same level of detail as was found required for the car. The generated car and caravan 
model results will then be compared to the fuel usages found through JPC’s prototype 
tests. The ration between the drag forces found and the fuel usage tests for the different 
prototypes will be compared to ensure the caravans are being accurately represented and 
that final fuel usage improvement figures will be accurate. 
 
  
6 
 
Once the car and caravan models have been deemed to be an accurate representation of 
reality, modifications to the caravan’s geometry will be made through the application of 
a parametric study. The results from the modifications will be recorded and those which 
result in the most substantial improvement will be collated. From these successful 
improvements those which are found to be financially viable and have minimal impact 
on customer useability by JPC will be selected.   
 
Once a number of modifications have been selected they will be combined into the 
same model. This final selection of modifications will then be simulated to determine 
the overall aerodynamic gains achieved.  
 
Once the final caravan shape is determined, JPC can then be consulted to insure the 
modifications are appropriate and still practical. If any modifications are justified to be 
to sever they can either be removed or toned down to JPC’s liking. Once a final caravan 
shape is determined it will be modelled and the drag forces will be compared to that 
with the initial caravan models to establish an approximate improvement in fuel 
economy.  
 
Through discussions with JPC Engineering and the project supervisor a general 
methodology for the project has been devised: 
 
 Generate car geometries with different levels of detail. 
 
 Test these geometries with more refined meshes until results cease to differ to 
determine geometry detail and obtain grid independence. 
 
 Compare the drag coefficient results between the car models generated and the 
actual values found through research (0.4 for Land Rover Discovery 4). 
 
 Use the car model that most accurately reflects the real car drag coefficient and 
create new geometries with caravans. 
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 Select the models that best represent reality using recorded fuel consumptions 
taking into account weight, etc.  
 
 Make modifications to these models guided by JPC advice and researched 
material to determine likely areas to make significant gains. The areas of interest 
are: 
 
o Caravan ride height 
o Distance from rear of car to front of caravan – drawbar length 
o Caravan front to roof chamfer 
o Caravan front to side chamfers 
o Caravan roof to rear chamfer  
o Under body style – chassis uncovered or covered 
o Caravan rear wing/spoiler 
 
 Perform a parametric study on these areas to determine the optimum geometries. 
 
 Determine most realistic modifications with minimal effect on practicality, such 
as caravan cupboard space. 
 
 
1.7 Resource Requirements and Project Timelines 
 
1.7.1 Resource Requirements 
 
There will be a number of required resources for this project and its various aspects. 
Some obvious resources required will be:  
 
 ANSYS 14.5 CFD software  
 
 Justin Clarke’s professional opinion and input 
  
8 
 
 Caravan models supplied by JPC 
 
 ANSYS customer portal CFD tutorials 
 
 a substantial amount of time 
 
 Along with the listed obvious resources some other less obvious resources are required: 
 
 A car and time to travel to JPC Engineering 
 
 Remote access to ANSYS 14.5 
 
These two less obvious resources became apparent once the project was started. JPC 
Engineering is located such that it takes approximately 45 minutes to travel to and from. 
The long travel distance to and from JPC Engineering meant that all the time spent had 
to be taken advantage of to the fullest. Along with the travel distance to JPC another 
time limiting factor that was discovered was how long it takes for ANSYS CFX to solve 
the flow problems. The initial flow test with a very basic geometry, mesh and setup 
took over 11 minutes to complete. This meant that solutions later on would contain a 
great deal of downtime waiting for the computer to solve the problem. Thus a solution 
was to set up the computers to make full use of their hardware while running multiple 
commuters at once.  
 
1.7.2 Project Timelines 
 
To ensure that deadlines are met and constant work on the project is maintained, a 
timeline for the project with approximate start and completion dates for different 
aspects of the project is necessary. This timeline has been assembled and represented by 
a Gantt chart shown in – Project Timeline.  
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1.8 Risk Assessment 
 
Every engineering activity comes with some level of associated risk. To neglect the 
potential risks associated with engineering can result in severe legal and financial 
consequences. It is the responsibility of an engineer to ensure that these risks are 
identified, minimised and monitored. There have been 4 main risks identified within the 
project and these along with each of the categories in the risk assessments are described 
and detailed in – Risk Assessment Details. 
 
The first apparent risk identified was that associated with the use of computers and the 
likelihood of extended ours being spent on a computer. Because this project is based 
around the use of CFD software on a computer the likelihood of this occurring was 
extremely probable. Research into the possible effects of prolonged use of a computer 
concluded that “computer use in excess of 5 hours per day was responsible for 
headache, eyestrain, joint pain, stiff shoulders, insomnia and fatigue,” Dr Tetsuya 
Nakazawa (2012). Dr Richard Beasley (2012) also found through a case study that a 
vision disorder called ethrombosis can also be the result of excessive computer use. 
These major effects show that the possible consequence level of extended computer use 
is severe and steps to avoid this are mandatory. 
 
The next risk associated with the project is the need to travel to and from JPC 
Engineering regularly. This regular travel poses an inherent risk of an on road car 
accident. Although the likelihood of an accident is unlikely in normal conditions, the 
possibility of a crash increases as fatigue increases. Due to this possible increase in a car 
accident occurring care must be taken to ensure that a vehicle is not being operated 
while in a fatigued state or other concentration limiting factor. If a crash were to occur 
the consequences would be severe. 
 
Another identified risk associated with the project is the potential for danger while 
measuring and inspecting unfinished and finished caravans on site at JPC and other 
locations. The possible sharp edges and under body chassis welding defects could result 
in skin cuts if ignored. The current prototypes of caravans are still in the modelling 
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stage and the completed caravans that will be inspected are unlikely to have unfinished 
and sharp edges. The likelihood of harm while inspecting these finished caravans is 
therefore improbable with only a moderate consequence if quality has not been 
monitored on the caravans. 
 
The final notable danger identified within the project is that after the project is 
completed. The project will contain recommended modifications or potential 
modifications to the current computer model caravan prototype. If the recommended 
modifications to the caravan are carried out the typical road behaviour of a caravan 
could change in such a way that the caravan becomes a danger on the road. While the 
result of the modifications being unsatisfactory on road caravan behaviour is 
improbable due to the shape being optimised rather then changed, it still must be 
considered. If the change in on road behaviour was significant the consequences would 
be catastrophic in both the possibility of death or serious injury to the vehicle occupants 
and the financial impacts it could have on JPC.  
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CHAPTER 2 – BACKGROUD AND INVESTIGATION 
INTO CFD MODELS AND CARAVAN DRAG  
 
2.1 Chapter Overview 
 
There has been a vast range of ideas and designs based around the idea of aerodynamics 
and CFD technology over the past century. Although the literature covers a wide variety 
of possible ideas and implications, this review will focus on four main areas which have 
been made apparent to the optimisation of caravan aerodynamics. The main topics of 
this literature review are the history of optimising transport aerodynamics, caravans and 
what is important in regards to them, and finally CFD software and how it is applicable 
to caravan aerodynamics. While the majority of the literature reviewed presents the 
material in a variety of ways, this review will primarily focus on the relevance and 
application of the literature to caravan aerodynamics.  
  
 
2.2 History of Optimising Aerodynamics in Transport 
 
For the past century since the introduction of the first car, the speed at which we as 
people travel has greatly increased. Motors, tires and weight have all been gradually 
optimised over a period of time to improve the overall efficiency of a vehicle, and 
continue to do so. The optimisation of various areas throughout the years has resulted in 
the aerodynamics of a vehicle to have a larger percentage of effect on the overall 
efficiency of the vehicle. Wood (2004) states “It is estimated that 25% of the total 
energy consumed in the US is used to overcome drag. Of this, 16 % is attributed to 
Transportation.” This large figure demonstrates the high impact aerodynamics is having 
in the current transportation environment and the need to further optimise 
aerodynamics.     
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2.2.1 Trains and Train Carriages 
 
Since the introduction of trains there has been constant efforts and studies focused 
towards the improvement in the aerodynamics of a train. Not only have trains 
themselves been reformed from ancient flat faced bricks to streamlined bullet trains, but 
studies on the shape of tunnels trains run through have also been completed. 
Raghunathan, Kim and Setoguchi (2002) concluded that “The aerodynamic drag and 
noises on the train are strongly dependent on the pressure waves in the tunnel.” And 
“the aerodynamic drag on a train travelling in a tunnel can significantly increase, 
compared with that in open air.” These significant changes as a result of varying 
pressures show how the increased pressure from an inefficient caravan could affect the 
occupants comfort.  
 
Possibly one of the most noteworthy changes to trains since their introduction is not in 
the nose of the train, but how the carriages are positioned and shaped. The following 
Figure 2.1 shows the transformation from a 1980’s Comeng train to a more modern 
2012 Italian Bombardier high speed train. Perhaps the most obvious differences 
between these train carriages that can be noted, is the shape underneath the trains and 
how comparatively low they are to the ground. These can correspond to the distance 
between a car and caravan and the shape of the bottom of the caravan relative to that of 
the car towing the van.    
 
 
 
Figure 2.1: Train Comparison (Comeng, 1981 and Bombardier, 2013) 
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2.2.2 Trucks and Truck Trailers 
 
Trucks and their trailers can be seen to be relatively similar to a car towing a caravan. 
While a truck is generally larger than a car and caravan, this increase in size may also 
be proportional to the increase in weight. This size to weight ratio if indeed similar 
would mean any improvements or breakthroughs in truck aerodynamics could also have 
a significant effect with caravan aerodynamics. Cummins (2013) states that “the largest 
single power requirement for a truck is the power needed to overcome air resistance.” 
From this it can be determined that if a vehicle as large and heavy as a truck can make 
considerable economic gains through a reduction in drag, then the benefits to a smaller 
and lighter car and caravan could also be substantial.  
 
Cummins (2013) also lists a number of possible aerodynamic features for a truck to 
reduce the drag resistance, they are: 
 
 Full Roof Deflector  Curved Windshield 
 Fairings  Aero Mirrors 
 Sloped Hood  Side Extenders 
 Round Corners  Side Skirts 
 Aero Bumper  Under Hood Air Clearer(s) 
 Air Dam  Concealed Exhaust System 
 Aero Headlights  Recessed Door Hinges 
 Slanted Windshield  Grab Handles 
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Figure 2.2: Inefficient and Efficient Truck Comparison (Cummins, 2013) 
 
 
Figure 2.2 shows the difference the addition to aerodynamic features can make to the air 
flow around a truck and its trailer. 
 
A highly important factor in the aerodynamics of a caravan suggested by JPC 
Engineering is the gap from the rear of the car towing the caravan to the front of the 
caravan. This is supported by Cummins (2013); “beyond approximately 30 inches, 
every 10 inch increase in tractor-trailer air gap increases aerodynamic drag by 
approximately 2 %.”  
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A United States Patented idea in the 80’s by Witten (1985) also backs up the idea that 
the gap between car and caravan should be minimised to improve aerodynamic 
efficiency. The patented idea of Aerodynamic Side Panels for a Tractor-Trailer Truck 
involves the use of side panels between the truck and trailer in an attempt to remove the 
air gap and decrease the overall drag of the truck as shown in Figure 2.3. These findings 
show how the reduction of the gap between a car and caravan could have an enormous 
effect on the overall aerodynamic efficiency of the vehicle.  
 
 
 
Figure 2.3: Aerodynamic Side Panels Patent (Witten H.J., 1985) 
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2.2.3 Cars 
 
Some of the first ever mass produced cars, such as the Ford model T had very little to 
boast about in terms of aerodynamics. However the need for aerodynamics in these cars 
was very limited as they were very slow in comparison to today’s vehicles. “As the 50’s 
and 60’s came about, some of the biggest advancements in automotive aerodynamics 
came from racing. Front and rear spoilers, shovel-shaped noses, and aero kits became 
more and more common to keep air flowing over the top of the car and to create 
necessary down force on the front and rear wheels,” (George, 2011). Development of 
front and rear spoilers and shaped noses on racing cars reveals how adding spoilers or 
changing the front of the caravan could also prove to benefit the caravans 
aerodynamics.  
 
Using a drag coefficient comparison, improvements made to car aerodynamics over the 
years can be identified. Edgar (2008) states that “the lower the stagnation point, the 
better, because then less air runs into the rough underside of the car.” This shows how 
lowering the height of a caravan could improve its aerodynamics. The desire for less 
under body turbulence also confirms that covering the caravan’s chassis could prove a 
simple and effective measure for improving fuel economy.  
 
Edgar (2008) also describes side flow around a vehicle and its importance when talking 
about the first Volkswagen Kombi. Edgar (2008) describes the first Kombi “a bit like a 
moving shoebox, with an almost flat front and very sharp corners with a drag coefficient 
of 0.76.” Edgar (2008) then continues to describe how in future models the nose was 
rounded, “special attention paid to smoothing the transition from the front to the sides 
of the Kombi, reducing the drag to just 0.42.” This transition can be related to the shape 
of a caravan and how modifying the chamfer from the front to the sides of the van could 
result in massive aerodynamic improvements.  
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The aerodynamics of cars, or more specifically cars towing caravans, can be seen to 
directly impact the required aerodynamic properties of the caravan being towed. This is 
due to the effect the tow vehicle has on the air in front of the caravan. Even though 
Formula 1 (2012) states that “A modern Formula One car has almost as much in 
common with a jet fighter as it does with an ordinary road car,” insight into 
aerodynamic characteristics can still be gained through investigation into the Formula 
One sport. A demonstration on the difference in tail airflow from a Formula One car is 
shown below in Figure 2.4. The fact that some Formula One cars are faster when by 
themselves, and some are faster when behind another car shows just how relative what 
is in front of the van is. The combination of the front of the caravans shape and the 
effect the vehicle towing the caravan has on the overall aerodynamics leads to the 
thought that possibly the most optimum size of the front of the caravan, is that of the 
rear of the vehicle.   
 
 
 
Figure 2.4: F1 Car Airflow Comparison (WorldCarFans.com, 2010) 
 
 
One statistic that was found really expressed the impact of aerodynamics on vehicles. 
This statistic was related to the famous Bugatti Veyron and how much of its power was 
required to reach its maximum speed and the aerodynamics required to reach this speed. 
Megafactories (2013) states that “approximetly 25% of the Bugatti’s power (280 hp) is 
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used to reach 155 Mph, and the other 75% (721 hp) is required to reach its maximum 
speed of 253 Mph.” This massive amount of extra power required is due almost entirely 
as a result of drag forces. WorldCarFans.com (2006) also expands on the depth of 
aerodynamic technology required for the Bugatti Veyron to reach these extreme speeds 
safely stating “the complexity of the Bugatti Veyron’s aerodynamic management 
system is one of the greatest challenges facing the development team.”   
 
The literature reviewed about the history of the aerodynamics of automotive vehicles 
has shown that there are a number of ways to improving the aerodynamic characteristics 
of caravans. Whether it is by reducing the distance between the caravan and vehicle, 
reducing the distance between the caravan and ground, the shape of the front of the 
caravan, or even the addition of spoilers, there is a number of ways to potentially 
improve the aerodynamics of caravans.  
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2.3 Vehicle Characteristics 
 
This section of the literature review focuses on the tow vehicle and the details necessary 
for the CFD simulations. The use of the Discovery 4 is justified and the way for 
comparisons to be made is also developed. 
   
2.3.1 Tow Vehicle 
 
The tow vehicle used by JPC engineering is the 2012 Land Rover Discovery 4. The use 
of this vehicle when generating models is justified as it is not only the actual vehicle 
used in testing but it also matches the description of common tow vehicles. Cars Guide 
(2013) has a list of Top 10 Vehicles for Towing and this list features 6 SUV’s, 3 Utes 
and 1 Sedan; a Land Rover is even on the list. This list is directed at not only vehicles 
for towing caravans; but also generic trailers, boat trailers and jet-ski trailers. It is 
suspected that if a list was constructed of purely caravan tow vehicles then the ratio of 
SUV’s to other vehicles would be even higher. RACQ (2013) confirms the reason for a 
large ratio of SUV’s stating “larger 4WDs often have quite high towing capacities and 
usually aren’t subject to the speed restrictions that apply to many passenger cars 
operating near their maximum towing load.” This high ratio of SUV’s justifies the use 
of the Discovery 4 when developing the CFD models.  
 
2.3.2 Drag Coefficient 
 
One way of comparing the aerodynamics of vehicles, relative to their size, is through 
the use of a drag coefficient. The drag coefficient (  ) can be defined as follows: 
 
     
   
      
 (Pritchard, 2011) 
 
Where   is the drag force in Newtons (  ,   is the density of the fluid in kilograms per 
cubic metre (     ),   is the velocity the vehicle is travelling at in metres per second 
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(   ) and   is the maximum cross-sectional area of the vehicle normal to the direction 
of travel in square metres (  ). The drag coefficient produced can be used to compare 
how aerodynamically efficient a vehicle is. For example the recorded drag coefficient of 
JPC’s test vehicle, the Land Rover Discover 4 is 0.4. For reference compare this drag 
coefficient to other common tow vehicles like the Toyota Prado, Toyota 200 Series 
Land Cruiser and Nissan Patrol whose drag coefficients are 0.35 (2009), 0.35 (2007) 
and 0.3 (2008) respectively.  
 
2.3.3 Tyre Footprint 
 
One particular unknown measurement that was discovered while generating the 
geometry for the simulations was the tyre footprint. The tyre footprint is the area of tyre 
that is in contact with the road at any given time. This tyre footprint was necessary as 
the geometry could not simply be created with the tyres of the vehicle and caravan 
sitting on a single point line on the road as this was both unpractical and created 
meshing problems. “The footprint can vary with tyre pressure and under 
braking/acceleration. One factor that can affect the footprint of a tyre is the type of tyre 
in question,” Etyres (2013). This statement on tyre footprint by Etyres showed how the 
footprint is something that is constantly changing. As a result a picture taken by Tire 
Track (2013) was used to get a visual idea of how large a tyre footprint actually is and 
this would be used when generating the geometry. Figure 3.2 in section 3.2.2 shows the 
size of the footprint that was used for the vehicle to be compared with the tyre footprint 
image as shown below in Figure 2.5. 
 
 
 
Figure 2.5: Tyre Footprint (Tire Track, 2013) 
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2.4 Caravans 
 
Caravans are designed with the idea of being a “home away from home.” Due to the 
design of a caravan being geared towards that of a home their main features and selling 
points are generally related to aspects such as the amount of space they bolster and the 
number of beds. This means that until recently the aerodynamics of caravans have been 
largely neglected in favour of features such as more cupboard space.   
 
The way caravans are advertised lends to what consumers currently value most when 
searching for their new van. JAYCO (2013) describes their 2013 Sterling Caravan as 
“More discreet, yet equally targeted for your comfort and enjoyment, are the little things 
that make a big difference: like more cupboard space, furniture with radius corners, euro 
style kitchen cabinets.” This puts emphasis on how important the interior components 
are and how they cannot be neglected when optimising the aerodynamics of a caravan.  
 
  
  
22 
 
2.4.1 Caravan Shape History  
 
Due to the shape of caravans being based around their internal features their shape has 
remained largely unchanged over the years. “Caravans have traditionally glided through 
the air with the grace of oversized bricks,” (Caravan and Motorhome Magazine, 2011). 
Since their first brick shape the only common shape difference that can be established 
between current caravans is generally the front face of the caravan. The general shape of 
the front of a caravan is a taper to a point closer to the bottom of the caravan as shown 
in Figure 2.6. 
 
 
 
Figure 2.6: General Caravan Shape (Caravan and Motorhome Magazine, 2011) 
 
 
Apart from this front end being shaped to a point the box styling of a caravan is 
generally maintained to try and maximise storage and internal space.  
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2.4.2 Types of Caravans 
 
There are many different types of caravans which differ between their tow point, size 
and construction. The differing types of common caravans include Full or Standard, Pop 
Top or Pop Up, Compact, Camper Trailer, Fifth Wheel and other less common types. 
This project focuses mainly on the first type mentioned, the Standard style of caravan. 
The standard style of caravan is most people’s traditional idea of what a caravan would 
look like. A standard caravan features a full frame with solid sides and roof, generally 
with glass or acrylic windows as well. These standard caravans commonly boast a 
generous amount of living space and generally have more room for storage and features.  
 
Modern standard caravans primarily have little to no moving parts and can vary from 4 
metres to 10 metres in length. Modern standard caravans also are advertised to have 
aerodynamic features, although these are generally just add-ons such as covers for the 
roof mounted air-conditioning units. With the exception of caravans such as the 
Kimberley Kruiser T3 caravan which feature airbag suspension to lower the van at 
higher speeds to reduce drag and a more aerodynamic oriented shape and completely 
relocate the air-conditioning unit from the roof as shown in Figure 2.7. 
 
 
 
Figure 2.7: Kimberley Kruiser T3 (Kimberley, 2013) 
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2.4.3 Current Common Caravan Aerodynamic Modifications 
 
There are currently a number of aerodynamic modifications for caravans which do not 
alter the actual basic shape of the caravan but either change the positioning or add 
shapes to modify the airflow and reduce the drag. These modifications range from 
general applications such as airbag suspension and caravan skirts to more specific 
designs like the Nose Cone or Caravan Bag.  
 
The purpose of air bag suspension is to be able to lower the caravan at higher speeds to 
reduce turbulence and drag and then raise the caravan again for clearance in off-road 
use at lower speeds. Caravans such as the Airflow 20 foot caravan and the Kimberley 
Kruiser T3 feature airbag suspension with the purpose of “Improving towability and 
improve fuel consumption,” Kimberley Karavans (2013). Other companies such as 
G&S Chassis sell aftermarket air bag suspension modifications for caravans as well.  
 
The Nose Cone on the other hand is a bolt on attachment to the front of the van which 
acts as both a small storage compartment and a drag reducer. Through their testing Nose 
Cone found that “a vehicle uses up to half of its power pushing a path through the 
atmosphere,” Nose Cone (2010). This coincides with what Cummins (2013) found with 
trucks and helped to confirm the need for more aerodynamically focused caravans to 
Nose Cone. Nose Cone (2010) found that their Nosecone “made an 11% fuel saving 
when attached to an Olympic Caravan,” quite an impressive gain for such a small 
attachment shown below in Figure 2.8.  
 
 
 
Figure 2.8: Nosecone on Olympic Caravan (Nose Cone, 2010) 
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Another type of fuel saving measure by improving the aerodynamics of caravans has 
been a Caravan Bag developed by the CSIRO in the 1980’s shown below in Figure 2.9. 
This Caravan Bag made use of an inflatable bag on the front of the caravan with an inlet 
positioned on the front of the bag. The idea behind this setup was that air would flow 
into the bag and it would form a shape which resulted in an even amount of pressure 
being applied all along the bag. The result would ideally be a shape that would generate 
the least amount of drag no matter the speed. It is not known why the idea has not 
become more popular but the most likely reason is the amount of space that the bag 
takes up which could otherwise be used for storage, etc.  
 
 
 
Figure 2.9: Caravan Air Bag (CSIRO, 1980) 
 
 
An interesting idea that was found while reviewing literature related to caravans and 
other trailers was a design used on boat trailers. The designs aim was to make the boat 
easier to launch into the water from the trailer. The design utilises an adjustable a-frame 
which allows for the gap between the car and trailer axles to be greater when launching 
the boat. This greater distance means that the car does not have to reverse as far into the 
water as it would normally have to. This design was interesting as it created an idea that 
perhaps an adjustable a-frame length on a caravan could utilise the optimum 
aerodynamics at speed while still being manoeuvrable at slower speeds after 
adjustments. 
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2.5 Computational Fluid Dynamics 
 
Computational Fluid Dynamics (CFD) is the integration of fluid mechanics and heat 
transfer with mathematics and computational methods. Section 2.5 to 2.8 of the 
literature review details and researches the important aspects of CFD related to 
caravans. CFD is primarily dedicated to fluids that are in motion, and how the fluid 
flow behaviour influences processes such as heat transfer. Tu, Yeoh & Liu (2008) 
describes CFD as “a powerful tool to be employed either for pure or applied research or 
industrial applications,” this makes CFD an ideal tool for evaluating the aerodynamics 
properties of a caravan.  
 
2.5.1 Past Implementations and Applications 
 
CFD can be, and has been used for a wide range of applications in the past. Some of 
these applications include, but not limited to, are: 
 
 Gas-liquid and liquid systems 
 Flow through and over solid objects 
 Heat transfer 
 Mixing vessels 
 Particle separation 
 Racing – improving down force, ventilation, etc. 
 Ducts in buildings 
 Particle trajectories 
 Coal processing 
 
Pritchard (2011) touches on the scope in which CFD can be applied and mentions uses 
such as studying the flow field around vehicles including cars, trucks, airplanes, 
helicopters and ships. Pritchard (2011) also states, “CFD is attractive to industry since it 
is more cost-effective than physical testing,” this cost effectiveness appeals to business 
and also makes CFD a useful cost efficient research tool.  
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 Tu, Yeoh & Liu (2008) expands on the potential uses of CFD stating that “we should 
be thoroughly aware that CFD is not confined to predict only the fluid-flow behaviour.” 
Uses such as chemical reactions (e.g., combustion), multiphase flows, (e.g., transport of 
gas-liquid, gas-solid, liquid-solid or even gas-liquid-solid mixtures) or phase changes 
(e.g., solidification or boiling) are also described by Tu, Yeoh & Liu (2008) as being 
“increasingly incorporated within the CFD framework.”   
 
2.5.2 Why do Caravan CFD 
 
The literature reviewed about caravans revealed that optimising the aerodynamic 
efficiency of current caravans could deliver noteworthy fuel consumption changes. The 
best way to identify how to improve the aerodynamic aspects of caravans and to get an 
idea of the potential gains was not identified. Possible ways of testing caravan 
aerodynamics includes: 
 
 full scale car and caravan fuel consumption tests 
 full scale car and caravan wind tunnel tests evaluating differing drag results 
 scaled car and caravan wind tunnel tests evaluating differing drag results 
 Large volume visualisation technique (LVAV) 
 Computer simulations comparing drag results utilising CFD software 
 
Of these possible ways of testing the effects on caravan fuel consumption the most 
conclusive would obviously be full scale car and caravan fuel consumption tests. 
Unfortunately full scale tests are also the most expensive and time consuming way of 
evaluating aerodynamics.   
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2.6 CFD Pre-processing 
 
CFD Pre-processing involves the setting up of the CFD simulation to be carried out. For 
ANSYS CFX the process starts with the generation of the geometry to be assessed. 
After geometry is created a mesh is then produced for that geometry, possibly most 
important step. Finally the material properties and boundary conditions are setup in the 
CFX-Pre along with settings such as convergence criteria and solution method. 
  
2.6.1 Geometry Creation 
 
The very first step to creating an accurate simulation using ANSYS CFX is generating 
geometry which can be used to correctly represent actual airflow. Tu, Yeoh & Liu 
(2008) discusses the importance of the size of the geometry “One important aspect that 
should always be noted in the creation of the geometry for CFD calculations is to allow 
for flow dynamics to be sufficiently developed.” This is referring to the length of a pipe 
being examined or in this case, the size of the enclosure the vehicle aerodynamics is 
being considered in. This justifies the need to test differing sizes of enclosures to ensure 
the enclosure is large enough for the flow to develop. It was also noted that in the case 
of testing the aerodynamics of a vehicle that the geometry is actually the air itself, rather 
than vehicle. The concept can initially be difficult to grasp as it differs to stress FEA’s 
(Finite Element Analysis).  
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2.6.2 Mesh Generation 
 
Meshing can be seen to be just as important as any other step in the CFD process. A 
number of literature sources have confirmed the importance of a good mesh. “Mesh 
generation constitutes one of the most important steps during the pre-process stage,” 
(Tu, Yeoh & Liu, 2008). Tu, Yeoh & Liu (2008) also expands on the importance of 
mesh from a practical approach by stating “The majority of time spent in industry on a 
CFD project is usually devoted to successfully generating a mesh for the domain 
geometry.” This led to the expectation that the meshing process would be the longest 
part of generating an accurate caravan CFD.   
 
Further research into meshing due to its inherent importance led to literature that 
expanded on some important details. “Good mesh is not always good” and “A good 
mesh is always associated with the physics.” (Shengwei, 2011). This meant that using 
the mesh generated for the vehicle could not be directly used for the vehicle with the 
caravan. The mesh generated for the vehicle would have to be validated with the 
caravan model to confirm its accuracy.     
 
2.6.3 Boundary Conditions 
 
Another important aspect when considering a CFD model is the boundary conditions of 
the simulation along with the methods for solving the given problem. There are five 
different turbulent models that ANSYS CFX can use to solve a simulation. These 
include; None (Laminar), k-Epsilon, Shear Stress Transport, BSL Reynolds Stress and 
SSG Reynolds Stress models. From these models the two that were found that would 
most likely be used were the standard k-epsilon model and SST model.  
 
The k-epsilon model can be described as “robust, widely used, easy to implement, 
computationally cheap, only valid for fully turbulent flows, suitable for parametric 
studies, poor performance for complex flows and suitable for initial iterations,” CFD-
online (2010). The k-epsilons predictableness and known weaknesses is what results in 
it being widely used throughout industry and when performing parametric studies. In 
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contrast the SST model “accounts for the transport of turbulent shear stress and gives 
highly accurate predictions and is recommended for high accuracy boundary layer 
simulations,” CFD-online (2010). The following Figure 2.10 shows the boundary layer 
the CFX models are determining. 
 
 
 
Figure 2.10: Divisions of near-wall region for turbulent flow (ANSYS 14.5, 2012) 
 
 
The other sections of the CFX-pre setup include details such as the initialization of the 
model which sets the initial speed of flow for the model along with the boundary 
conditions. “Boundary conditions are a set of properties or conditions on surfaces of 
domains, and are required to fully define the flow simulations. The type of boundary 
condition that can be set depends upon the bounding surface,” (ANSYS 14.5, 2012). 
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2.7 CFD Solving 
  
The accuracy of a simulation is determined by how much the solution has converged.  
There are a number of different methods available when choosing how to evaluate the 
accuracy of a simulation and how well it has converged. The methods include; residual 
convergence, printed summaries and monitor points.  
 
Solver residuals represent the absolute error in the solution of a particular variable.  
“The rule of thumb is to look at the first residual or the maximum residual calculated 
and then look for 3-4 orders of magnitude drop from there,” (Thoms, 2007). For 
example in Appendix K, Figure K.1; the maximum residual is close to        and the 
solution converged at       . This means the residual has dropped by 3 orders of 
magnitude. Likewise in Figure K.2 the residuals drop from 0 to       , 4 orders of 
magnitude.     
 
Printed Summary options allow you to get information of properties flowing through a 
system such as mass flow rate, heat transfer, electric flux, etc. “A converged solution 
will show that the total quantity of mass (for example) flowing into a system equals that 
going out. The difference between incoming and outgoing properties is called the 
imbalance and it should be zero (or small relative to the incoming value),” (Thoms, 
2007).  
 
Monitor points track a variable at a particular location and the amount it changes. When 
the value is changing an insignificant amount relative to the model; convergence could 
be near. “The variable values will approach their final converged value at different rates 
depending upon where they lie in the flow field,” (Thoms, 2007). This means a number 
of points are required to determine convergence and they will constantly change 
depending on the model characteristics.  
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2.8 CFD Post-processing 
 
Once a simulation has been solved there are a number of ways of evaluating the results 
in ANSYS CFX. These range from visual representations such as streamlines, velocity 
vectors and pressure gradients to specific values such as global force. It was found that 
the best tool for expressing results was dependent on what was being modelled and the 
purpose of the results.  
 
 
2.9 Chapter Summary 
 
The history of optimising aerodynamics and the literature reviewed about caravans and 
their aerodynamic features has shown that there are potential benefits to be obtained by 
improving the aerodynamic characteristics of caravans. Whether it be through the use of 
completely different designs to regular caravans or add on attachments it is obvious that 
caravan enthusiasts are seeking more efficient ways of travelling with their vans.  
 
Other benefits to improving the aerodynamics of caravans has also been revealed in the 
reviewed literature as Nose Cone (2010) concluded with their testing “perhaps the 
biggest surprise was the improvement in stability.” Another interesting point that was 
discovered was the potential for “adjustable features” on caravans so that aerodynamics 
could be optimised while not limiting practicality.  
 
Literature reviewed regarding ANSYS and ANSYS CFX gave a good initial insight into 
the process required for setting up an accurate simulation. The literature reviewed also 
gave an insight into how much time would be required when running the simulations. 
This consequently sparked initial ideas for streamlining the simulations and highlighted 
the need as well. Other aspects such as validating that the solution had converged and 
different ways of evaluating the results were also identified.  
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CHAPTER 3 – CFD METHODOLOGY 
 
3.1 Chapter Overview 
 
The methodology process to be used for exploring ways to optimise caravan 
aerodynamics using CFD software is discussed and defined in section 1.6. This chapter 
carries out the process described to verify that the CFD models generated can be used to 
accurately determine how different modifications to a caravan will affect the 
aerodynamic characteristics of the caravan. It should be noted that the methodology 
only considers geometry changes to the caravan with a fixed vehicle shape and the 
degree of impact that changed vehicle geometry is neglected.  
 
 
3.2 Vehicle Geometry 
 
The first step in the methodology is to generate a model that accurately represents the 
tow vehicle. The procedure starts with generating geometry which can be used to 
simulate the way air flows over the vehicle. This vehicle geometry is important as it will 
dictate the way in which the air is flowing when it initially hits the caravan. The first 
model created was a block which was used to get a feel for ANSYS CFX and the 
process for generating a CFD model.   
 
Once an idea for how flow around a solid object in ANSYS CFX was further 
established, the geometry of the vehicle could be more heavily focused on. The vehicle 
to base the geometry model on would be a Land Rover Discovery 4. A Discovery 4 was 
be used as it is the same body style and size as the most common caravan tow vehicles 
as found in section 2.3.1 of the literature review, SUV’s. Another reason for basing the 
vehicle geometry on the Discovery 4 is that it is the test vehicle used by JPC 
Engineering. The use of the Discovery 4 would allow for an accurate comparison 
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between caravan simulations. An accurate representation of the Discovery 4 was able to 
be created using both measurements taken from the vehicle at JPC and the Discovery 4 
brochure as shown in Appendix D.  
 
There was two possible ways for generating the geometry; through ANSYS or an 
external program. A more detailed geometry was possible using an external program 
more focused on 3D modelling but this was found to be not viable. An external program 
was deemed unpractical due to the high number of geometry modifications that would 
be required during the parametric study. The process would involve the importation of 
geometry for each simulation which would require the subsequent processes to be set up 
again each time. Setting up the simulation for each modification would take far too 
much time as discussed throughout this chapter. Consequently the ANSYS modeller 
was chosen to generate the geometry. The ANSYS modeller allowed for geometry 
modifications without needing to reset the rest of the simulation setup which saved 
copious amounts of time.  
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3.2.1 First Vehicle Representation 
 
The first aspect of the geometry to be considered was the general size of the vehicle. 
Base overall measurements taken from the brochure were used to create a block 0.25 m 
from the ground that resembled the overall size of the vehicle without the mirrors. The 
side of the block was sketched in the general shape of the side of the vehicle and 
extruded symmetrically from the x-y plane. Chamfers and rolls were then added to the 
model to alter the shape to more accurately reflect that of the Discovery 4. Circular 
extrusions were also added to represent the wheels but no further detail was 
implemented. To ensure minimal downtime running the CFX solver the geometry was 
taken to be symmetrical through the centre of the car and caravan. A zoom of the first 
geometry model for the Discovery 4 is show below in Figure 3.1.  
 
 
 
Figure 3.1: First Discovery Geometry 
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3.2.2 Further Vehicle Details 
 
With the body being accurately represented without the inclusion of minor details such 
as door handles and aerials, the first feature of the geometry to be considered further 
was the wheels. One aspect that was considered was the size of the footprint the tyres 
would have on the road. This was done visually as described in section 2.3.3 of the 
literature review using a comparison between the visual representations of the photo in 
Figure 2.5 and the generated model. The footprint was generated by having the centre of 
the tyres moved closer towards the x-z plane rather than a distance equal to the radius of 
the tyre. Having the tyre moved closer to the x-z plane put a section of the tyre through 
the plane; as a result this section was subsequently removed from the model when the 
enclosure was generated. This created the footprint as shown below in Figure 3.2. 
 
 
 
Figure 3.2: Discovery 4 Geometry Showing Tyre Footprint   
 
With the tyre footprint created the size and depth of the wheel arches were able to be 
approximately generated by taking measurements from the vehicle. Using the Discovery 
4 brochure, details about the size and location of the wheels were obtained and 
implemented on the model. Simple circle subtractions were used and complex shapes 
Tyre Footprint 
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were avoided to reduce the likelihood of the generated mesh containing too many 
elements and nodes.  The details about the wheels would then be further enhanced in the 
CFX Setup with rotating walls as explained in sections 3.5.3 and 3.5.4. 
 
The next major aspect of the vehicle’s geometry was the mirrors. It was initially 
uncertain if the mirrors were a necessity for the model but results showed an increase of 
approximately 7.5% in drag forces with the inclusion of the mirrors. The change in the 
air’s behaviour was also notable when observing the streamlines in the CFX Results. 
This extra force and change in air behaviour meant the inclusion of the mirrors was 
necessary. The mirrors were modelled by taking measurements from the vehicle and 
overall dimensions from the brochure. Although in reality the mirrors are angled 
towards the rear of the vehicle, this proved too complicated to model without having 
repercussions when generating the mesh. This was compensated for by reducing the 
overall size of the mirrors slightly and rounding the front face to be more slippery.  
 
The last aspect of the geometry to consider was the enclosure. With the vehicle 
modelled to a standard, this geometry now had to be changed to represent the air 
flowing around the vehicle, rather than the vehicle itself. This was done by freezing the 
vehicle geometry, generating an enclosure in the model and then using the Boolean tool 
to subtract the vehicle geometry from the enclosure. The result was geometry that 
represented the air surrounding the vehicle. Details of the enclosure, such as its size, are 
explained further as part of the Grid Independence Study in section 3.4.6. 
 
Any further inclusions on the vehicles geometry were seen to be unnecessary as they 
vastly increased the number of nodes and elements in the mesh. The large increase in 
the number of mesh nodes and elements consequently greatly increased solving times 
while having very little impact on the drag forces and airflow characteristics. The final 
vehicle’s geometry representation is shown in Figure 3.3 and Figure 3.4. 
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Figure 3.3: Final Discovery 4 Geometry 
 
 
 
Figure 3.4: Detail of Final Discovery 4 Geometry 
 
 
  
Figure 3.4 Detail 
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3.2.3 Vehicle Geometry Validation  
 
The process for generating the vehicles geometry was done with the aim in reaching an 
accurate drag coefficient similar to that of a real Land Rover Discovery 4 (0.4) as found 
and outlined in section 2.3.2 of the literature review. Initial discovery models before the 
introduction of wheel arches had a drag coefficient of approximately 0.17; this was far 
too low when compared to 0.4 and justified the extra geometry changes. After adding 
wheel arches (without rotating wheels) the drag coefficient increased to approximately 
0.25; this was still only 62.5% of the required drag coefficient. It was only after the 
addition of mirrors and rotating wheels that the drag coefficient increased above 0.3. 
With the drag coefficient over 75% of the required drag coefficient it was decided that 
no further modifications were necessary.  
 
No further geometry modifications were seen to be necessary as it was thought that a 
drag coefficient exactly the same as the actual value of 0.4 was not a realistic outcome. 
Imposing modifications to increase the drag coefficient further would mean that the 
mesh required for the geometry would be far too complicated. It was also thought that 
the value above 0.3 was acceptable as the surface of the vehicle was still entirely 
smooth unlike that of a real car. Other features such as all the under body details like 
exhausts, etc. would also increase the drag while not changing the airflow a great deal.  
 
Further justifying the use of the Discovery 4 model was that the caravan would be 
generated with the same level of detail as that used to create the vehicle model. This 
meant that the percentage increase would be the same as if the models were both more 
complicated. The vehicle geometry is further justified through the comparison of actual 
fuel usage figures and drag force results as shown in section 3.7. 
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3.3 Initial Mesh Setup 
 
With the geometry of the vehicle created to a standard that reflects a Discovery 4, the 
next step in the ANSYS CFX setup to consider was the meshing process. The meshing 
process for the vehicle was vital as it set the platform for the mesh setup when caravans 
were introduced. If the mesh was not sufficient enough then results would not be and 
accurate representation of reality.  
 
This section describes general mesh settings that were used and not changed throughout 
the grid independence study to follow. These mesh settings were chosen due to 
influences such as advice given and reviewed literature. The first setting in the mesh 
setup is the Physics Preference. The Physics Preference setting determines how ANSYS 
Workbench will perform meshing and set defaults based on the physics of the analysis. 
Selecting the Physics Preference was fairly straight forward with four options; 
Mechanical, Electromagnetic, CFD and Explicit. The obvious choice was CFD as 
ANSYS CFX was being used.  
 
The next option that appears once CFD is chosen as the Physics Preference in a Solver 
Preference. The Solver Preference sets further mesh defaults (such as the Transition 
Ratio) based on the type of solver being used. Once again this is a straight forward 
choice between the three CFD options; CFX, Fluent or POLYFLOW. CFX was chosen 
once again as this was the type of solver being used. 
 
3.3.1 Relevance 
 
The Relevance option allows for the control of the default fineness of the mesh for the 
entire model. The relevance can be adjusted between -100 and 100 with a default value 
of 0. Adjusting the relevance in the positive direction results in a finer starting mesh 
with longer solving times but greater accuracy while adjustment in the negative 
direction results in a coarser starting mesh with faster solving times and less accuracy. 
The Relevance was left at the default value of 0 as it proved a good starting point for the 
refinements to follow.   
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3.3.2 Advanced Size Function 
 
The first mesh aspect related to the mesh sizing group was the Advanced Size Function. 
The Advanced Size Function provides greater control over sizing functions and controls 
properties such as; the angles between normal for adjacent mesh elements, number of 
mesh elements employed in the gaps between two geometric bodies, and gradation 
between minimum and maximum sizes based on a specific growth rate.  
 
The advanced size function provides 5 options; Off (default), On: Proximity and 
Curvature, On: Proximity, On: Curvature and On: Fixed. After experimenting with each 
setup the option “On: Proximity and Curvature” was chosen. On: Proximity and 
Curvature allowed for the meshing to be shaped in a way that inflation formed the shape 
of the vehicle around the vehicle in smooth flowing fashion. It was thought this smooth 
flowing inflation would provide more accurate results and a better visual representation 
then the other options. The Proximity and Curvature option was also chosen as it was 
also commonly used in other CFX airflow simulations found such as “CFD analysis of 
concept car in order to improve aerodynamics” as shown below in Figure 3.5. 
 
 
 
Figure 3.5: Structured Mesh on Rear Wing (University of Osijek Croatia, 2011) 
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The first mesh generated with the defaults set is shown below in Figure 3.6, Figure 3.7 
and Figure 3.8; this can be compared with Figure 3.11 through to Figure 3.14 for a 
visual comparison.  
 
 
 
 
Figure 3.6: Isometric View of Discovery 4 Mesh without Modifications 
 
 
 
 
Figure 3.7: Side View of Discovery 4 Mesh without Modifications 
Figure 3.8 Detail 
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Figure 3.8: Detail of Side View of Discovery 4 Mesh without Modifications 
 
 
The initial mesh generated had very large elements relative to the size of the model 
except for very tight areas. The notably fine mesh areas were on the vehicle corners and 
around the mirror. Although initially very fine the mesh quickly transformed into a very 
coarse mesh once it dissipated from the vehicle boundaries even slightly. This mesh 
also shows how with the implementation of a caravan the mesh surrounding the square 
geometry would be far to coarse for accurate simulations.  
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3.4 Grid Independence Study 
 
With the defaults set for the mesh the next step was to carry out a grid independence 
study. Although all literature reviewed suggested that a grid independence study was 
not optional when performing CFD simulations; the study was found to be a necessity 
not so much for the vehicle, but more so for when caravan geometry was introduced. 
This was due to an overly fine mesh being possible on the vehicle that produced 
accurate results which could not be used for the vehicle and caravan. The mesh could 
not be replicated because the extra refinements needed on the additional caravan 
geometry increased the number of elements and nodes that were created. The extra 
elements and nodes exceeded the ANSYS license limit which meant the grid 
independence study was a necessity.  
 
The drag force produced for the final vehicle geometry with the extra fine meshing was 
214.2 N at a speed of 80 km/h. This initial drag force was used as the benchmark drag 
force when conducting the grid independence study. To ensure the mesh was sufficient 
a thorough process was carried out to obtain grid independence. This process involved 
running simulations, changing one value at a time and isolating the differences in the 
results that the changes had. Meshes were constructed and tested for a series of different 
geometries but only the process used to find the final mesh setup will be described 
below.     
 
There were three critical results considered when changing the mesh setup, along with 
some other situations which meant that a setting could not be used. These three critical 
results was the final drag force in the x direction, the number of Nodes and Elements, 
and that the solution converged. 
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3.4.1 Relevance Centre 
 
The first setting to change in the Mesh setup was the Relevance Centre. The Relevance 
Centre has three settings; Coarse, Medium and Fine. Changing these settings determines 
the general size of an Element relative to the overall size of the geometry which is not 
located near a boundary.  
 
The Coarse setting gave a warning when being used with geometries that had more 
detail such as mirrors. The warning was “Pre-inflation layer generation are ignored for 
the faces,” this meant the mesh was generated without the inflation. The program 
ignored the inflation because the outer mesh was to coarse and could not merge well 
enough with the inflation on the vehicle and caravan faces. This meant the coarse 
setting could not be used with geometries that had finer detail. 
 
The Fine setting produced accurate results but failed to converge in less than 200 
iterations. This left the Medium setting which produced accurate results and converged 
in 65 iterations. The results and shown below in Table 3.1. 
 
 
Table 3.1: Mesh Relevance Centre Variation Results 
Relevance Centre Iterations Nodes Elements Drag Force (N) 
Coarse 69 82044 252701 215.3 
Medium 65 104821 309321 214.4 
Fine 200+ 120686 369822 215.9 
 
 
3.4.2 Smoothing 
 
The next setting to vary and determine an appropriate setting was Smoothing. 
Smoothing attempts to create a smoother appearing mesh and improve the element 
quality by moving the locations of nodes relative to surrounding nodes and elements. 
There is three Smoothing options; Low, Medium or High which determine the number 
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of iterations used in determining the degree of smoothing used. Each Smoothing setting 
gave a similar number of nodes and produced an accurate drag force. Consequently 
High Smoothing was chosen as it is the most accurate with no disadvantages when 
compared with the other settings as shown in Table 3.2.  
 
 
Table 3.2: Mesh Smoothing Variation Results 
Smoothing Iterations Nodes Elements Drag Force (N) 
Low 67 104749 308409 214.3 
Medium 160 106275 314461 213.4 
High 66 106283 314685 214.2 
 
 
3.4.3 Transition 
 
The next mesh sizing group setting was the Transition which affects the rate at which 
the adjacent elements will grow. There are two Transition settings; Slow which 
produces smooth transitions and Fast which develops a more abrupt transition between 
the elements. A study on the Transition revealed that the Fast Transition setting 
dramatically reduced the number of nodes and elements in the model. This reduction 
was offset by an increase of 19.6 % in the drag force which meant the Slow Transition 
setting was not even an option as shown below in Table 3.3. 
 
 
Table 3.3: Mesh Transition Variation Results 
Transition Iterations Nodes Elements Drag Force (N) 
Slow 66 106283 314685 214.2 
Fast 48 61192 156579 256.2 
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3.4.4 Span Angle Centre 
 
Another mesh setting is the Span Angle Centre which sets the goal for curvature based 
refinement. The setting forces the mesh to subdivide in curved regions until the 
individual elements span the angle of the chosen setting. There are three choices and 
they are; Coarse (91 to 60 degrees), Medium (75 to 24 degrees) and Fine (36 to 12 
degrees). As shown below in Table 3.4 the Medium setting did not converge and more 
importantly changed the drag force drastically. This meant the only option was Fine and 
the Coarse setting was not even considered. 
 
 
Table 3.4: Mesh Span Angle Centre Variation Results 
Span Angle Centre Iterations Nodes Elements Drag Force (N) 
Fine 66 106283 314685 214.2 
Medium 200+ 90997 263806 242.1 
 
 
3.4.5 Number of Cells Across Gap 
 
The last specific mesh generation variance in the Grid Independence study was the 
Number of Cells Across Gap. The Number of Cells Across Gap is related to the 
Advanced Sizing Function and is included in the Grid Independence study on its own as 
the other options related to the Advanced Sizing Function appeared to depend on it. The 
number of Cells Across Gap is the minimum number of layers of elements to be 
generated in the gaps. The value is only an estimate and is dependent on the Relevance 
option chosen as in section 3.3.1. 
 
The default set for the Number of Cells Across Gap was 3, this setting while having a 
relatively low number of nodes and elements did not converge while the Drag Force 
was also slightly less than desired. Consequently the Value was increased until it was 
no longer practical to do so. Having 5 cells across gaps gave the same drag force as 3 
while also not converging but drastically increasing the number of elements and nodes 
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and was deemed not viable. Having 6 cells gave a mesh warning which automatically 
discounted it; it wasn’t until having 7 cells across gaps that the drag force was once 
again found accurately. The problem with having 7 cells across gaps was that the 
number of nodes and elements on the vehicle was far too great. Consequently having 7 
cells across gaps allowed for the verification of the force found when having 4 cells 
across the gap as they both converged with relatively the same drag force results. The 
results are summarised in Table 3.5 showing the selection of 4 cells across gaps.  
 
 
Table 3.5: Mesh Number of Cells Across Gap Variation Results 
Number of Cells Iterations Nodes Elements Drag Force (N) 
3 200+ 72069 228745 209.4 
4 66 106283 314685 214.3 
5 200+ 153028 425532 209.3 
6 – mesh warning     
7 153 276318 739353 213.5 
 
 
3.4.6 Enclosure Size 
 
Another aspect that was included in the Grid Independence study was the size of the 
Enclosure. The Enclosure size was not set as a part of the mesh setup but actually 
during the geometry generation. However, the Enclosure size was still included in the 
Grid Independence study as it directly impacted the default mesh settings.  
 
The Enclosure size was varied in 4-directions; positive and negative x directions, 
positive z direction and positive y direction. The size in the negative y and z directions 
did not matter as they were simply symmetry planes. The Enclosures initial size was 
determined by a visual comparison with similar ANSYS CFX simulations found and 
varied to determine the required size. One Enclosure size found is shown in Figure 3.9 
and can be compared with Figure 3.3 in section 3.2.2. The biggest notable differences 
are the discovery enclosure was lower and wider when compared with Figure 3.9. 
  
49 
 
 
Figure 3.9: Enclosure Size Comparison (University of Osijek Croatia, 2011) 
 
 
The enclosure size was constantly varied throughout the generation process for the final 
model but only three simulations which were conducted on the final model are shown in 
Table 3.6. The three simulations summarise the results required to show how when the 
enclosure was made smaller than the selected size the drag force increased and the 
solution did not converge. Table 3.6 also shows how the results did not change with an 
increase in enclosure size from the selected dimensions highlighted in yellow.  
 
It should be noted that the force values are high due to the enclosure study being done at 
100 km/h (27.777 m/s) instead of 80 km/h like the rest of the grid independence study. 
It is also noteworthy that the enclosure size measurements are actually distances from 
the furthermost point of the geometry in the relative directions. For example negative x 
value is the distance from the front of the car to the front of the enclosure while the 
positive x value is the distance from the rear of the van to the rear of the enclosure.  
 
 
Table 3.6: Geometry Enclosure Variation Results 
Enclosure (x, y, z, -x) Iterations Nodes Elements Drag Force (N) 
20, 5, 5, 7.5 200+ 145472 398808 431.0 
22.5, 7.5, 7.5, 10 58 144484 399428 401.1 
23.5, 8.5, 8.5, 11 143 142927 396574 401.3 
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3.4.7 Inflation 
 
With the enclosure size and mesh sizing group settings all found the final aspect related 
to the mesh and grid independence study was the inflation. The inflation is related to the 
Advance Sizing Function set in section 3.3.2. There was three main settings when 
adjusting the inflation; Transition Ratio, Growth Rate and Number of Layers. The three 
were directly connected and hence a study was not directly carried out on each one. But 
rather different number of combinations was tested to achieve the desired look and 
accurate results. 
 
Along with the inflation settings a method was implemented to streamline the inflation 
approach when dealing with different geometries. The inflation region was selected by 
using the option; Chosen Named Selection. This meant that the inflation was 
implemented on the faces selected within the named selection chosen. Different parts 
were given names such as Vehicle Front Wheel, Vehicle Rear Wheel and Vehicle. This 
allowed for geometry modification without any mesh adjustments. The Named 
Selection method also catered for geometry additions with the only extra process being 
to add the extra geometry to the named selection. The named selections were also used 
in the CFX-Pre Setups and CFX Results as shown in section 3.5. The final listed Named 
Selections for the caravan models are shown in Figure 3.10 along with the selected 
faces for the whole inflation. 
 
 
 
Figure 3.10: Mesh Model Tree Showing Named Selections 
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The first of the three settings is the Transition Ratio which determines the rate at which 
adjacent elements grow based within the inflation. It is the volume ratio between the 
first layer elements and last layer of elements in the inflation layer. The transition ratio 
can be set between 0 and 1 with the default set at 0.77 when the Solver Preference is set 
to CFX. Values tested ranged from 0.3 up to the default of 0.77 and the final selection 
was 0.45. 
 
The Growth Rate control determines the relative thickness of adjacent inflation layers. 
This means that the second layer will be approximately a Growth Rate factor bigger 
than the first layer, the third layer the same factor bigger than the second layer and so 
on. The default Growth Rate is set to 1.2 and it can be set anywhere between 0.1 and 
5.0. The final selection was 1.05 with values between 1 and 2 tested. 
 
The Number of Layers set the actual number of mesh inflation layers generated. The 
default Number of Layers is 5 with the possible range between 1 and 1000. The testing 
range was between 5 and 20 with a final selection of 13. The final inflation on the 
vehicle mesh is shown in Figure 3.13 and Figure 3.14.     
 
3.4.8 Final Vehicle Mesh 
 
The following Figure 3.11 through to Figure 3.14 give a view of the final vehicle mesh 
which can be compared with the initial default mesh generated shown in Figure 3.6 
through to Figure 3.8. Major differences include the size of the general elements located 
along the boundaries (aside from the vehicle boundaries) being significantly smaller; the 
inlet face in Figure 3.6 has 56 element faces while the inlet face in Figure 3.11 has 191 
element faces. The biggest difference however is the inflation and refinement 
surrounding the vehicle. The inflation generates a smooth curve like mesh around the 
vehicle which becomes more refined on tighter curves. The inflation also drastically 
refines the size of the elements in tight areas such as wheel arches and side mirror. The 
most notable area is under the vehicle itself where the number of elements and nodes 
has drastically increased.  
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Figure 3.11: Isometric View of Final Discovery 4 Mesh 
 
 
 
Figure 3.12: Side View of Final Discovery 4 Mesh 
 
 Figure 3.13 Detail 
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Figure 3.13: Detail of Side View of Final Discovery 4 Mesh 
 
 
 
Figure 3.14: Section A-A of Detail of Final Discovery 4 Mesh 
  
A 
A 
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3.5 Vehicle CFX Setup 
 
With a suitable mesh established that could be used throughout the parametric study the 
next step was to set up the model to represent a realistic scenario. This section of the 
methodology process details how the models boundary conditions were setup as well as 
the thought process and justification of those and other selections in the CFX Setup.    
 
3.5.1 Fluid Models and Basic Settings 
 
The first aspect to consider in the CFX setup is the default domain. Within the default 
domain components such as fluid properties and model type are set. The fluid properties 
were set to Air at 25 degrees Celsius at a reference pressure of 1 atmosphere. This 
setting used the ANSYS defaults and set important fluid properties such as the density, 
etc. The fluid properties would be left at a constant throughout all simulations to ensure 
constant results.  
 
The fluid model used was initially k-epsilon as it was seen to be the most widely used 
turbulent model. However after a number of tests it was concluded that the Shear Stress 
Transport (SST) model would be more suited for the simulations. While the SST model 
required longer to solve the simulations due to its increased complexity; it was 
considered more suitable as it resulted in more accurate results when compared to k-
epsilon models.  The simulation would also be run as Steady State. 
 
3.5.2 Initialization 
 
With the fluid properties set and model type chosen the next step was to set the initial 
conditions for the simulations. This was done by inserting a Global Initialization to set 
the speed of the airflow. The speed of the fluid was set in the Cartesian direction U (x 
direction) using the speed expression mentioned in section 3.5.5. The flow was also 
given the default turbulence option of Medium (Intensity = 5%). 
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3.5.3 Boundaries 
 
With the Initialization set, and fluid properties and turbulence model chosen the next 
step required is the setup of the boundaries. There was a total of eight specific 
boundaries set for the vehicle simulation which were; Car, Front Wheel, Inlet, Outlet, 
Rear Wheel, Road, Walls and Symmetry.   
 
The Car boundary type used was a wall and the geometry was selected using the named 
selection Car from the mesh as shown in Figure 3.10. The wall was defined as a No 
Slip Wall without roughness. This simulated the vehicle as a stationary object with the 
fluid flowing over it. The Car boundary is represented by the many small red arrows 
located on the vehicle geometry in Figure 3.15. 
 
The Front and Rear Wheel boundaries were identical just on their own respective wheel 
and coordinate systems. The wheels boundary type was defined as a no slip wall similar 
to the car except for one major difference. The wheels were defined as a rotating wall, 
this allowed for the simulation of the wheels rotating at the angular velocity omega 
relative to the speed of the airflow as setup with the Expressions in section 3.5.5.  A 
visual representation showing the airflow velocity vectors was used to confirm the 
rotations implemented were accurate and spinning in the right direction. Tests were also 
done involving wall roughness on the tyres due to the tread pattern but eventually the 
roughness was neglected due to the unnecessary complications found.  
 
The Inlet boundary type was set as an Inlet with a Normal (perpendicular) Speed. The 
speed was set as the Expression speed to simulate the airflow of the speed of the 
moving vehicle. The Turbulence Option was left as the default of Medium (Intensity = 
5%) to match the Global Initialization. 
 
The Outlet boundary type was set as an Outlet with a Relative Static Pressure of 0 Pa. 
Having the relative static pressure set to 0 Pa resulted in the need for the large enclosure 
size behind the vehicle to ensure the flow had fully stabilized by the time it reached the 
outlet.  
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The Road boundary type was set as a No Slip Wall on the Enclosure face resting on the 
x-z plane with a wall velocity of speed in the Cartesian direction U (x-direction).  This 
resembled the Global Initialization and simulated the vehicle moving over the road at 
the relative speed.  
 
The Symmetry boundary type was located on the Enclosure face resting on the x-y 
plane and simply set as exactly that; Symmetry. This resulted in the model being able to 
be mirrored to give an easier representation of the overall flow. The Symmetry plane is 
shown by the symmetrical red arrows in Figure 3.15 
 
The final boundary to set was the Enclosure Walls. Initially the walls were set as no slip 
walls as it was though that the size of the enclosure was large enough to allow for this. 
Although the enclosure was large enough for the walls to have a minimal impact on the 
flow around the vehicle the no slip walls was not quite accurate. Consequently the walls 
Boundary Type was set as an Opening with a relative pressure of 0 Pa similar to the 
outlet. The walls were also given a Turbulent Option of Zero Gradient as there should 
be laminar flow close to the walls due to the large distance from the vehicle. The 
enclosure walls are shown by the blue arrows along with the final vehicle boundaries 
discussed in Figure 3.15. 
 
 
 
Figure 3.15: Final Vehicle Model Boundaries 
Opening 
Outlet 
Road 
Front and Rear Wheel 
Coordinate Frames 
Inlet 
Symmetry 
Car 
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3.5.4 Coordinate Frames 
 
When imposing the rotating effect on the wheel boundaries it was found that a separate 
coordinate system was required for each wheel. This was due to the rotation being 
around the selected coordinate system and the only available coordinate system being 
the global which was based of the initial x-y-z axis.  A coordinate system was setup for 
each wheel and given the name of Car Front Wheel or Car Rear Wheel and selected 
using the named selections mentioned in section 3.4.7. The naming system was then 
also used when selecting the coordinate frame in the boundary setups.  
 
3.5.5 Expressions 
 
A list of 3 expressions were created that could be used within the CFX-Pre setup. These 
expressions were speed, wheelR and omega which were all related and used in setting 
up boundaries. The use of these expressions allowed for direct changes to the setups 
without going through and changing the individual values in each boundary condition. 
For example the speed expression was used to set the speed of the airflow in the global 
initialization, inlet and road boundary. The speed was defined as the velocity the model 
was to be run at in m/s. The wheelR was defined as the radius of the tyres in metres, 
0.38 and was used in conjunction with speed to define omega as speed/wheelR.  
 
3.5.6 Solver Controls and Solution Setup 
 
The Solver Controls configured in CFX-Pre set the criteria for solving the simulation. 
Most aspects of the Solver Controls were left as default except for the maximum 
number of iterations. The maximum number of iterations was tested between 50 and 
400 for various geometries. It was concluded that running the simulation for any more 
than 200 iterations was of no benefit and only used valuable time; making 200 the used 
value.   
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Other aspects such as the residual type and target were left at their defaults of RMS and 
       respectively. Discussions with the project supervisor as well as literature 
reviewed concluded that this was significantly accurate for the parametric study. 
 
The other setup related to the solution solver was optimising the use of the computers. 
This was done in the Solution component of CFX with the use of advanced controls 
enabled. The computers being used made use of an Intel Dual Core E8400 3.00 GHz 
processor. Using this, the solution was set to run in Platform MPI Local Parallel using 2 
Partitions to make use of both cores. The Run Priority was also set to High for each of 
the Partitioner, Solver and Interpolator options. Setting the solutions up like this meant 
the computers were being used to their full potential in regard to the simulations as 
shown by the CPU usage snapshots taken while running simulations in Figure 3.16 
 
 
 
Figure 3.16: Windows Task Manager Screen Shot Showing 100% CPU Usage 
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3.6 Caravan 
 
With the geometry of the vehicle established, the level of detail used was replicated 
when generating the caravan geometries. It was seen that the inclusion of extra 
geometry details that would not change or be altered were not necessary. Details such as 
the caravan a-frame were not considered as they would not impact the results as their 
effect on the airflow would be the same. The inclusion of extra unnecessary components 
would only create further mesh detail requirements and solving times. The only extra 
detail on the caravans apart from the general shape was the wheels and wheel arches. 
The inclusion of the wheels and wheel arches were seen to be necessary to maintain 
consistency with the level of detail in the vehicles geometry.  
 
3.6.1 Caravan Geometry Generation 
 
The caravan geometry was generated within the vehicle geometry files by suppressing 
the aspects of the geometry that were created after the vehicles itself, such as the freeze, 
Enclosure and Boolean. Once these aspects were supressed the caravan was drawn 
within its own sketch in the same plane as the vehicle and extruded as per the 
dimensions outlined in Appendix E. It can be noted that after the caravan was drawn 
and the mentioned features unsuppressed the enclosure size automatically enlarged to 
suit the caravan geometry due to its dimensions being taken from the outermost points 
of the geometry as discussed in section  3.4.6. 
 
The caravan was drawn in a way that the entire position of the van could be changed by 
altering only two dimensions. The first dimensions were the height from the bottom of 
the caravan to the road as outlined in section 4.2. The second dimension was from the 
front of the caravan to the rear of the vehicle; representing the drawbar length as 
outlined in section 4.3. The front to roof chamfer could then be changed by itself within 
the sketch without affecting any other dimensions as shown in section 4.4. The other 
two chamfers, front to side and roof to rear, were implemented when necessary using 
the chamfer tool as shown in section 4.5 and 4.6 respectively.  
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3.6.2 Caravan Mesh 
 
After testing a range of meshes it was determined the mesh on the vehicle caravan 
models would utilise the same sizing and inflation options as the vehicle mesh. Any 
finer mesh then the one used had meshing problems on different simulations for 
different reasons. Whether it be conflicts located in the inflation between the car and 
caravan or the number of elements and nodes exceeded the license limit. Consequently 
the mesh chosen was the same as the vehicle except for the inclusion of the caravan in 
chosen named selections. The detail side view of the resulting general caravan mesh is 
shown below in Figure 3.17. 
 
 
 
Figure 3.17: Side View of Caravan Mesh at 0.5 m High and 1.8 m Drawbar 
 
 
Figure 3.17 shows how the mesh that was generated for the vehicle was adapted to the 
caravan’s geometry. The level of detail has been maintained in the curvature of the 
mesh inflation around the caravan. The caravans mesh is also the finest in areas around 
the wheel arches and under the caravan, similar to the vehicle. 
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3.6.3 Caravan CFX Setup 
 
Similar to the mesh setup, the caravan CFX setup was no different to the vehicles CFX 
setup apart from some minor differences. The caravan’s boundaries were tied together 
along with the vehicles boundaries so that they resembled the same no slip wall. The 
only extra inclusion was of the extra coordinate frames for the caravan’s wheels and the 
rotating no slip walls those coordinate frames were used for. The CFX setup of the 
caravan is shown in Figure 3.18. 
 
 
 
Figure 3.18: CFX Setup of 0.5 m High Caravan with 1.8 m Drawbar 
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3.7 Verifying the Model’s Results 
 
This section verifies the models of the vehicle and caravans generated are able to be 
used to produce accurate results. This is done by comparing the ratio of real fuel usage 
figures recorded while driving the land rover discovery 4 with the ratio of drag force 
results of the Discovery model, general caravan model and Aero-van model. The 
difference between the general caravan model and Aero-van model is; 0.5 m high vs 0.2 
m high and 1.8 m drawbar vs 0.9 m drawbar respectively. 
 
Tests for the discovery 4 showed fuel usage figures of approximately 10 L/100 km. The 
tests for the general caravan and Aero-van showed fuel usage figures of approximately 
19 to 21 L/100 km and 15 to 17 L/100 km respectively. This is summarised in Table 3.7 
and compared to the drag forces found for each simulation.  
 
 
Table 3.7: Drag Force Comparison with Fuel Usage 
Real Vehicle Fuel Usage (L/100 km) Drag Force Found (N) Allowable Range (N) 
Discovery 4 10 401.1 - 
General Caravan ~ 19 - 21 828.9 ~ 762.1 to 842.3 
Aerovan ~ 15 - 17 697.7 ~ 601.7 to 681.9 
 
 
The table shows the allowable range for the simulations when the percentage increases 
in fuel economy are compared to drag. The general caravan model result of 828.9 N is 
shown to fall within the given range of 762.1 to 842.3 N, although very close to the 
upper limit. However, the Aero-van model result of 697.7 N is approximately 2.27% 
above the upper limit of 681.9 N. It was determined that these values were acceptable as 
it was expected that the results would be close to the upper limits. This was due to the 
factor of weight not being factored into the equations. Not all of the increased fuel 
usage is due to the drag and the extra weight would result in increased fuel usage 
figures also. As a result the error of 2.27% was deemed negligible and the models 
accurate enough to perform a parametric study on the caravan dimensions.   
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3.8 Chapter Summary 
 
Overall the methodology process has been carried out with investigations into all details 
available relative to the simulations. The grid independence study determined an 
appropriate mesh for the models with optimised solution times and minimal error in the 
results. The boundary conditions have been shown to simulate air flowing over a 
vehicle moving along a road with details as specific as rotating wheels to best represent 
reality. This chapter has summarised and carried out the methodology process to verify 
the caravan models to pave the road for the parametric study in Chapter 4.  
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CHAPTER 4 – PARAMETRIC STUDY 
 
4.1 Chapter Overview 
 
Once it was verified that the caravan model was an accurate representation of an actual 
vehicle towing a caravan; the next step was to modify caravan dimensions. This chapter 
focuses on the parametric study that was conducted to find the optimum dimensions for 
the JPC caravan. The dimensions to be modified as suggested by JPC after discussion 
are listed in Table 4.1 along with their dimension constraints. These modifications and 
other potential modifications were also explored in the literature review to evaluate their 
potential. The dimensions themselves are further explained and detailed in Figure 4.1 
and Figure 4.2 as well as in their respective sections of the parametric study and results.  
 
 
Table 4.1: Caravan Parametric Study Dimension Modifications 
Dimension Type Minimum Maximum 
Caravan Height 0.2 m 0.5 m 
Drawbar Length 0.9 m 1.8 m  
Front to Top Chamfer 0.3 m and 15 degrees 0.7 m and 30 degrees 
Front to Side Chamfers 0.23 m and 15 degrees 0.46 m and 30 degrees 
Top to Rear Chamfer 0 m and 15 degrees 0.2 m and 30 degrees 
 
 
 
Figure 4.1: Top view of Standard Caravan Showing Modification References 
Drawbar Length 
Front to Side Chamfer 
Side to Rear Chamfer 
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Figure 4.2: Side View of Standard Caravan Showing Modification References 
 
 
Other potential modifications identified in the literature review was the introduction of 
an under body cover and the addition of a rear spoiler. The idea to cover the under body 
of the caravan was derived through the study of modern European vehicles and their use 
of plastic under body covers to reduce turbulence under the vehicles, this was first noted 
on the Discovery 4 test vehicle. The other idea to add a rear spoiler to the van was also 
derived from vehicles but more specifically race vehicles.  
 
Other modifications to the caravan that were discussed included a under body to rear 
chamfer and side to rear chamfers. The under body to rear chamfer was considered to be 
unreasonable due to the interior and chassis modifications that would be required being 
too expensive and unpractical. While the side to rear chamfers were found to be 
unviable due to a feature on the caravan where the rear extrudes from the van while in a 
parked position; generating greater living and storage space. This extrusion feature 
relies on the width of the current caravan remaining the same which is not possible if 
side to rear chamfers are added.         
 
 
  
Height 
Front to Top Chamfer 
Top to Rear Chamfer 
Under body to Rear Chamfer 
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4.2 Caravan Height 
 
The first caravan dimension to modify was the caravan height. The height limits set by 
JPC to be tested ranged from 0.2 m to 0.5 m. The maximum was set at 0.5 m as any 
higher would have negative effects on the stability and safety of the caravan. While the 
minimum height was set at 0.2 m as any lower was not possible without chassis and 
frame modifications to clear the tyres and axles.  
 
One characteristic of the caravan that changed with the caravan height was the depth of 
the wheel arches on the caravan. The geometry was setup in a way that the distance 
from the top of the caravan wheels to the wheel arch remained constant. Meanwhile 
when the caravan was lowered the wheel arches would extend with the bottom of the 
caravan but remain unchanged above the original height of 0.5 m as shown in Figure 
4.3. The wheel arch dimensions were setup in a way that modifying only the height of 
the caravan would result in the wheel arch automatically changing to suit the height as 
shown in Figure 4.4.  
 
 
 
Figure 4.3: 0.5 m High vs 0.2 m High Caravan Dimension 
 
 
Only Dimension Modification 
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Figure 4.4: 0.5 m High Caravan Arch Dimensions 
 
 
The caravan height was initially varied at the starting drawbar length of 1.8 m and at 
different speeds. The results showed that there was no difference in the drag coefficient 
changes from a height of 0.2 m to 0.5 m within the range of 80 km/h through to 110 
km/h. The force reduction percentages and drag coefficients are summarised in Table 
5.1 and are shown to be constant as stated; this meant that it would no longer be 
necessary to vary the speed of the airflow in future simulations. It is suspected that the 
reason for the constant drag coefficients throughout the range of speeds tested is due to 
the airflow being basically incompressible due to the slow relative air speeds.   
 
 
  
  
68 
 
4.3 Drawbar Length 
 
The next caravan dimension to modify was the distance between the rear of the vehicle 
and front of the caravan, the drawbar length. The drawbar limits set by JPC to be tested 
ranged from 0.9 m to 1.8 m. The maximum was set at 1.8 m as this was the initial 
distance the vehicle was located from the vehicle and it was not practical to make the 
distance any longer. While the minimum drawbar length was set at 0.9 m as any closer 
was not possible as the potential for the caravan to foul on the vehicle when turning was 
too high.  
 
Changing the drawbar length of the caravan involved changing not one, but three 
dimensions. Three dimension changes were needed due to the way the geometry was 
setup to allow for automatic adjustments of the wheel arch. The wheel arches and 
wheels had to be extruded separately from both the caravan extrusion and each other. 
This meant that changing the drawbar length of the caravan involved changing the 
distance from the caravan extrusion to the vehicle, the distance from the wheel arch to 
the vehicle and the distance from the wheels to the vehicle. This also resulted in a larger 
likelihood of human error entering the equation when adjusting the drawbar length so 
extra attention was applied.  
 
The drawbar length was varied from the starting drawbar length of 1.8 m down to a 
drawbar length of 0.9 m at the caravan heights tested in section 4.2. As a consequence 
of the results found the future chamfer modifications would be carried out at the four 
most extreme dimension points; 0.5 and 1.8, 0.5 and 0.9, 0.2 and 1.8 and 0.2 and 0.9 m.  
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4.4 Front to Roof Chamfer 
 
The first caravan chamfer dimension to modify was the chamfer already located on the 
caravan, the front to roof chamfer. The initial front to roof chamfer had a depth from the 
top of the van towards the bottom of 0.5 m and a length from the front to the back of the 
van of 1.8 m (approximately 15 degrees). The limits set by JPC to be tested ranged from 
a depth of 0.3 m to 0.7 m at angles between 15 and 30 degrees as shown in Figure 4.5. 
The maximum dimensions were set at 0.7 m and 15 degrees as any greater of a chamfer 
not practical as it sacrificed too much space. The minimum of 0.3 m was set due to the 
relative vertical distance from the top of the vehicle to the bottom of the chamfer being 
close. While the minimum angle of 30 degrees was set as any more of an angle was not 
practical or visually appealing. 
 
 
 
Figure 4.5: Side View of Front to Roof Chamfer Details 
  
Chamfer Depth 
Chamfer Angle 
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4.5 Front to Side Chamfer 
 
The second caravan chamfer dimensions to evaluate were the front to side chamfers and 
their impact. The limits set by JPC to be tested ranged from a depth of 0.23 m to 0.46 m 
at angles between 15 and 30 degrees as shown in Figure 4.6. The maximum dimensions 
were set at 0.46 m and 15 degrees as any greater of a chamfer was not practical as it 
sacrificed too much space. The biggest chamfer tested also lined up almost exactly with 
the position of the front to roof chamfer as shown in Figure 4.6. The minimum of 0.23 
m was set due to the relative resultant size of the front of the caravan compared to the 
rear of the vehicle. While the minimum angle of 30 degrees was set as any more of an 
angle was deemed unpractical and visually unpleasant by JPC.  
 
 
 
Figure 4.6: Top View of Front to Side Chamfer Details 
 
 
  
Chamfer Depth 
Chamfer Angle 
Dimensions finish at approximately the same point 
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4.6 Roof to Rear Chamfer 
 
The final caravan chamfer dimension to evaluate was the roof to rear chamfer and its 
impact. The limits set by JPC to be tested ranged from a depth of 0.05 m to 0.20 m at 
angles between 15 and 30 degrees as shown in Figure 4.7. The maximum depth was set 
at 0.20 m due to the feature on the van where the rear of the van extruded as mentioned 
the final paragraph of section 4.1. The minimum of 0.05 m was set as it was not 
believed a chamfer depth any smaller would have significant results and it would also 
become increasingly difficult to fabricate. While the minimum angle of 30 degrees was 
set as any more of an angle was visually unpleasant by JPC.  
 
 
 
Figure 4.7: Side View of Roof to Rear Chamfer Details 
 
 
4.7 Chapter Summary 
 
This chapter has summarised that dimensions to be modified as a part of the parametric 
study to generate the results in Chapter 5. The dimension constraints as well as the 
reasoning behind the constraints have also been clarified. Other possible dimension 
options were also discussed along with the reasoning for not including them in the 
parametric study.  
 
Chamfer Depth 
Chamfer Angle 
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CHAPTER 5 – RESULTS 
 
5.1 Chapter Overview 
 
This chapter details the results found through the parametric study in Chapter 4 and is 
divided into sections containing the results from each geometry variation. The 
variations range from the initial individual geometry variations to the combination 
variations and the final proposed optimal geometry. The full results can be found in the 
tables located in Appendices F through to J. The tables contain details such as the 
position of the caravan, the size of the modification, the number of elements and 
iterations required for the simulation, the three dimensional drag forces and the resulting 
drag coefficient. All the simulations except for the caravan height simulations were run 
at a speed of 100 km/h. This was a result of the caravan height simulations showing that 
there was no need to run the simulations at multiple speeds as discussed in section 4.2.  
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5.2 Caravan Height 
 
The full results for the height modifications can be found in Appendix F, Table F.1. 
Figure 5.1 graphs the drag force results when the caravan height was varied at a fixed 
distance of 1.8 m from the vehicle. Table 5.1 summaries the drag force reduction at 
speeds of 80 km/h through to 110 km/h when lowering the caravan height from 0.5 m to 
0.2 m. 
 
 
 
Figure 5.1: “Comparison between Differing Caravan Heights” at Different Speeds 
 
 
Table 5.1: Force Reduction (%) Due to Height Variance 
Height Speed Force diff (N) Drag Coef diff Force Reduction (%) 
0.5 m vs 0.2 m; 80 km/h : 81.2 0.112 15.3 
 
90 km/h : 103.0 0.112 15.3 
 
100 km/h 128.2 0.113 15.5 
 
110 km/h 155.6 0.114 15.5 
  
Average 0.113 15.4 
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Figure 5.2: Side View of 0.5 m VS 0.2 m High Caravan 
 
 
 
 
Figure 5.3: Top View of 0.5 m VS 0.2 m High Caravan 
 
 
 
 
Figure 5.4: Under View of 0.5 m VS 0.2 m High Caravan 
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Figure 5.5: Isometric View of 0.5 m VS 0.2 m High Caravan 
 
 
The above figures (Figure 5.2, Figure 5.3, Figure 5.4 and Figure 5.5) demonstrate a 
visual representation of the difference in the airflow streamlines around the vehicle and 
caravan at two heights. The figures present a number of different perspectives of the 
caravan located at a constant distance of 1.8 m from the vehicle and at two different 
heights of 0.5 m and 0.2 m. The caravan pictured at a height of 0.5 m in the above 
figures (top half of each figure) was also referred to in section 3.7 when discussing the 
verification of the model.  
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5.3 Drawbar Length 
 
The full results for the drawbar length modifications can be found in Appendix G, Table 
G.1. Figure 5.6 graphs the drag force results when the drawbar length was varied at 
fixed caravan heights while Figure 5.7 graphs the same results but with a fixed drawbar 
length at different heights. Table 5.2 summaries the drag force reduction at drawbar 
lengths of 0.9 m through to 1.8 m when lowering the caravan height from 0.5 m to 0.2 
m. 
 
 
 
Figure 5.6: “Force VS Drawbar Length” Graph with Constant Caravan Height 
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Figure 5.7: “Force VS Height” Graph with Constant Drawbar Length 
 
 
Table 5.2: Force % Reduction Due to Drawbar Length Variance 
Height Drawbar Force diff (N) Drag Coef diff Force Reduction (%) 
0.5 m vs 0.2 m; 1.8 m : 128.2 0.113 15.5 
 
1.5 m : 127.8 0.113 14.5 
 
1.2 m : 145.5 0.128 16.4 
 
0.9 m : 70.1 0.062 9.1 
  
Average 0.104 13.9 
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Figure 5.8: Side View of 0.5 m VS 0.2 m High Caravan with 0.9 m Drawbar 
 
 
  
 
Figure 5.9: Top View of 0.5 m VS 0.2 m High Caravan with 0.9 m Drawbar 
 
 
 
 
Figure 5.10: Under View of 0.5 m VS 0.2 m High Caravan with 0.9 m Drawbar 
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Figure 5.11: Isometric View of 0.5 m VS 0.2 m High Caravan with 0.9 m Drawbar 
  
 
The above figures (Figure 5.8, Figure 5.9, Figure 5.10 and Figure 5.11) demonstrate a 
visual representation of the difference in the airflow streamlines around the vehicle and 
caravan at two heights. The figures present a number of different perspectives of the 
caravan located at a constant distance of 0.9 m from the vehicle oppose to 1.8 m in 
section 5.2. The caravans are at the same two heights (0.5 m and 0.2 m) as the figures in 
section 5.2 and can be directly compared with the only difference being the drawbar 
length. The caravan pictured at a height of 0.2 m in the above figures (bottom half of 
each figure) was also referred to in section 3.7 when discussing the verification of the 
model.  
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5.4 Front to Roof Chamfer 
 
The full results for the front to roof chamfer modifications can be found in Appendix H, 
Table H.1 through to Table H.4. The “Force VS Angle” graphs in the following section 
(Figure 5.12, Figure 5.14, Figure 5.16 and Figure 5.18) graph the drag force results 
when the angle of the chamfer was varied at fixed chamfer lengths. The “Force VS 
Distance” graphs (Figure 5.13, Figure 5.15, Figure 5.17 and Figure 5.19) graph the 
same results but with a fixed chamfer angle at different chamfer lengths. The tables 
(Table 5.3, Table 5.4, Table 5.5 and Table 5.6) summarise the drag force reductions 
when changing chamfer lengths from 0.7 m to 0.3 m at chamfer angles from 15 degrees 
up to 30 degrees. The drag force reductions in the tables are at drawbar lengths of 1.8 m 
and 0.9 m, and caravan heights of 0.5 m and 0.2 m.  
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5.4.1 0.5 m High and 1.8 m Drawbar 
 
 
 
Figure 5.12: Front to Roof Chamfer “Force VS Angle” Graph at 0.5 m and 1.8 m  
 
 
 
Figure 5.13: Front to Roof Chamfer “Force VS Distance” Graph at 0.5 m and 1.8 m 
 
 
Table 5.3: Reductions Due to Front to Roof Chamfer Variance at 0.5 m and 1.8 m 
Length Angle Force diff (N) Drag Coef diff Force Reduction (%) 
0.7 m vs 0.3 m; 15 deg : 62.1 0.055 7.1 
 
20 deg : 46.6 0.041 5.3 
 
25 deg : 50.9 0.045 5.8 
 
30 deg : 30.5 0.027 3.5 
  
Average 0.042 5.4 
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5.4.2 0.5 m High and 0.9 m Drawbar 
 
 
 
Figure 5.14: Front to Roof Chamfer “Force VS Angle” Graph at 0.5 m and 0.9 m 
 
 
 
Figure 5.15: Front to Roof Chamfer “Force VS Distance” Graph at 0.5 m and 0.9 m 
 
 
Table 5.4: Reductions Due to Front to Roof Chamfer Variance at 0.5 m and 0.9 m 
Length Angle Force diff (N) Drag Coef diff Force Reduction (%) 
0.7 m vs 0.3 m; 15 deg : 52.8 0.047 6.6 
 
20 deg : 50.2 0.044 6.2 
 
25 deg : 52.4 0.046 6.5 
 
30 deg : 20.7 0.018 2.6 
  
Average 0.039 5.5 
725
750
775
800
825
15 20 25 30
F
o
rc
e
 (
N
) 
Angle (deg) 
Force VS Angle 
Drag Force @ 0.3 m (N)
Drag Force @ 0.4 m (N)
Drag Force @ 0.5 m (N)
Drag Force @ 0.6 m (N)
Drag Force @ 0.7 m (N)
725
750
775
800
825
0.3 0.4 0.5 0.6 0.7
F
o
rc
e
 (
N
) 
Distance in (m) 
Force VS Distance 
Drag Force @ 15 deg (N)
Drag Force @ 20 deg (N)
Drag Force @ 25 deg (N)
Drag Force @ 30 deg (N)
  
83 
 
5.4.3 0.2 m High and 1.8 m Drawbar 
 
 
 
Figure 5.16: Front to Roof Chamfer “Force VS Angle” Graph at 0.2 m and 1.8 m 
 
 
 
Figure 5.17: Front to Roof Chamfer “Force VS Distance” Graph at 0.2 m and 1.8 m 
 
 
Table 5.5: Reductions Due to Front to Roof Chamfer Variance at 0.2 m High 1.8 m 
Length Angle Force diff (N) Drag Coef diff Force Reduction (%) 
0.7 m vs 0.3 m; 15 deg : 77.5 0.068 10.3 
 
20 deg : 72.7 0.064 9.6 
 
25 deg : 62.5 0.055 8.3 
 
30 deg : 70.2 0.062 9.1 
  
Average 0.062 9.3 
675
700
725
750
775
15 20 25 30
F
o
rc
e
 (
N
) 
Angle (deg) 
Force VS Angle 
Drag Force @ 0.3 m (N)
Drag Force @ 0.4 m (N)
Drag Force @ 0.5 m (N)
Drag Force @ 0.6 m (N)
Drag Force @ 0.7 m (N)
675
700
725
750
775
0.3 0.4 0.5 0.6 0.7
F
o
rc
e
 (
N
) 
Distance in (m) 
Force VS Distance 
Drag Force @ 15 deg (N)
Drag Force @ 20 deg (N)
Drag Force @ 25 deg (N)
Drag Force @ 30 deg (N)
  
84 
 
5.4.4 0.2 m High and 0.9 m Drawbar 
 
 
 
Figure 5.18: Front to Roof Chamfer “Force VS Angle” Graph at 0.2 m and 0.9 m 
 
 
 
Figure 5.19: Front to Roof Chamfer “Force VS Distance” Graph at 0.2 m and 0.9 m 
 
 
Table 5.6: Reductions Due to Front to Roof Chamfer Variance at 0.2 m and 0.9 m 
Length Angle Force diff (N) Drag Coef diff Force Reduction (%) 
0.7 m vs 0.3 m; 15 deg : 130.9 0.116 16.7 
 
20 deg : 52.0 0.046 7.1 
 
25 deg : 30.8 0.027 4.4 
 
30 deg : 67.3 0.059 8.8 
  
Average 0.062 9.3 
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5.4.5 Best VS Worst Visual Representations 
 
 
 
 
Figure 5.20: Side View Comparison of Worst VS Best Front to Roof Chamfers 
 
 
 
 
Figure 5.21: Top View Comparison of Worst VS Best Front to Roof Chamfers 
 
 
 
 
Figure 5.22: Under View Comparison of Worst VS Best Front to Roof Chamfers 
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Figure 5.23: Isometric View Comparison of Worst VS Best Front to Roof Chamfers 
 
 
The previous figures (Figure 5.20, Figure 5.21, Figure 5.22 and Figure 5.23) 
demonstrate a visual representation of the difference in the airflow streamlines around 
the vehicle and caravan at the worst and best setups found with varying the front to roof 
chamfer. The first is the worst setup in regards to drag force while the second is the best 
found. The first (top halves) setup features a caravan located 1.8 m from the vehicle and 
0.5 m high with a chamfer 0.3 m deep at an angle of 25 degrees. The second (bottom 
halves) setup features a caravan located 0.9 m from the vehicles and 0.2 m high with a 
chamfer 0.7 m deep at an angle of 15 degrees. 
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5.5 Front to Side Chamfers 
 
The full results for the front to side chamfer modifications can be found in Appendix I, 
Table I.1 through to Table I.4. The “Force VS Angle” graphs in the following section 
(Figure 5.24, Figure 5.26, Figure 5.28 and Figure 5.30) graph the drag force results 
when the angle of the chamfer was varied at fixed chamfer lengths. The “Force VS 
Distance” graphs (Figure 5.25, Figure 5.27, Figure 5.29 and Figure 5.31) graph the 
same results but with a fixed chamfer angle at different chamfer lengths. The tables 
(Table 5.7, Table 5.8, Table 5.9 and Table 5.10) summarise the drag force reductions 
when changing chamfer lengths from 0.46 m to 0.23 m at chamfer angles from 15 
degrees up to 30 degrees. The drag force reductions in the tables are at drawbar lengths 
of 1.8 m and 0.9 m, and caravan heights of 0.5 m and 0.2 m.  
 
 
  
  
88 
 
5.5.1 0.5 m High and 1.8 Drawbar 
 
 
 
Figure 5.24: Front to Side Chamfer “Force VS Angle” Graph at 0.5 m and 1.8 m 
 
 
 
Figure 5.25: Front to Side Chamfer “Force VS Distance” Graph at 0.5 m and 1.8 m 
 
 
Table 5.7: Reductions Due to Front to Side Chamfer Variance at 0.5 m and 1.8 m 
Length Angle Force diff (N) Drag Coef diff Force Reduction (%) 
0.46 m vs 0.23 m; 15 deg : -4.8 -0.004 Gain             -0.6 
 
20 deg : 5.2 0.005 0.7 
 
25 deg : -3.2 -0.003 Gain             -0.4 
 
30 deg : 15.1 0.013 1.9 
  
Average 0.003 0.4 
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5.5.2 0.5 m High and 0.9 Drawbar 
 
 
 
Figure 5.26: Front to Side Chamfer “Force VS Angle” Graph at 0.5 m and 0.9 m 
 
 
 
Figure 5.27: Front to Side Chamfer “Force VS Distance” Graph at 0.5 m and 0.9 m  
 
 
Table 5.8: Reductions Due to Front to Side Chamfer Variance at 0.5 m and 0.9 m 
Length Angle Force diff (N) Drag Coef diff Force Reduction (%) 
0.46 m vs 0.23 m; 15 deg : 5.3 0.005 0.8 
 
20 deg : 37.8 0.033 5.2 
 
25 deg : 24.8 0.022 3.5 
 
30 deg : 17.4 0.015 2.4 
  
Average 0.019 3.0 
680
700
720
740
760
780
15 20 25 30
F
o
rc
e
 (
N
) 
Angle (deg) 
Force VS Angle 
Drag Force @ 0.23 m (N)
Drag Force @ 0.2875 m
(N)
Drag Force @ 0.345 m (N)
Drag Force @ 0.4025 m
(N)
Drag Force @ 0.46 m (N)
680
700
720
740
760
780
0.23 0.2875 0.345 0.4025 0.46
F
o
rc
e
 (
N
) 
Distance in (m) 
Force VS Distance 
Drag Force @ 15 deg (N)
Drag Force @ 20 deg (N)
Drag Force @ 25 deg (N)
Drag Force @ 30 deg (N)
  
90 
 
5.5.3 0.2 m High and 1.8 Drawbar 
 
 
 
Figure 5.28: Front to Side Chamfer “Force VS Angle” Graph at 0.2 m and 1.8 m  
 
 
 
Figure 5.29: Front to Side Chamfer “Force VS Distance” Graph at 0.2 m and 1.8 m 
 
 
Table 5.9: Reductions Due to Front to Side Chamfer Variance at 0.2 m and 1.8 m 
Length Angle Force diff (N) Drag Coef diff Force Reduction (%) 
0.46 m vs 0.23 m; 15 deg : 15.5 0.014 2.2 
 
20 deg : 12.5 0.011 1.8 
 
25 deg : -2.1 -0.002 Gain             -0.3 
 
30 deg : 4.8 0.004 0.7 
  
Average 0.007 1.1 
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5.5.4 0.2 m High and 0.9 Drawbar 
 
 
 
Figure 5.30: Front to Side Chamfer “Force VS Angle” Graph at 0.2 m and 0.9 m 
 
 
 
Figure 5.31: Front to Side Chamfer “Force VS Distance” Graph at 0.2 m and 0.9 m  
 
 
Table 5.10: Reductions Due to Front to Side Chamfer Variance at 0.2 m and 0.9 m 
Length Angle Force diff (N) Drag Coef diff Force Reduction (%) 
0.46 m vs 0.23 m; 15 deg : 5.3 0.005 0.8 
 
20 deg : 37.8 0.033 5.2 
 
25 deg : 24.8 0.022 3.5 
 
30 deg : 17.4 0.015 2.4 
  
Average 0.019 3.0 
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5.5.5 Best VS Worst Visual Representations 
 
 
 
 
Figure 5.32: Side View Comparison of Worst VS Best Front to Side Chamfers 
 
 
 
 
Figure 5.33: Top View Comparison of Worst VS Best Front to Side Chamfers 
 
 
 
 
Figure 5.34: Under View Comparison of Worst VS Best Front to Side Chamfers 
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Figure 5.35: Isometric View Comparison of Worst VS Best Front to Side Chamfers 
 
 
The previous figures (Figure 5.32, Figure 5.33, Figure 5.34 and Figure 5.35) 
demonstrate a visual representation of the difference in the airflow streamlines around 
the vehicle and caravan at the worst and best setups found with varying the front to side 
chamfers. The first is the worst setup in regards to drag force while the second is the 
best found. The first (top halves) setup features a caravan located 0.9 m from the vehicle 
and 0.5 m high with a chamfer 0.46 m deep at an angle of 15 degrees. The second 
(bottom halves) setup features a caravan located 1.8 m from the vehicles and 0.2 m high 
with a chamfer 0.46 m deep at an angle of 20 degrees. 
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5.6 Roof to Rear Chamfer 
 
The full results for the roof to rear chamfer modifications can be found in Appendix J, 
Table J.1 through to Table J.4. The “Force VS Angle” graphs in the following section 
(Figure 5.36, Figure 5.38, Figure 5.40 and Figure 5.42) graph the drag force results 
when the angle of the chamfer was varied at fixed chamfer lengths. The “Force VS 
Distance” graphs (Figure 5.37, Figure 5.39, Figure 5.41 and Figure 5.43) graph the 
same results but with a fixed chamfer angle at different chamfer lengths. The tables 
(Table 5.11, Table 5.12, Table 5.13 and Table 5.14) summarise the drag force 
reductions when changing chamfer lengths from 0.20 m to 0.05 m at chamfer angles 
from 15 degrees up to 30 degrees. The drag force reductions in the tables are at drawbar 
lengths of 1.8 m and 0.9 m, and caravan heights of 0.5 m and 0.2 m.  
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5.6.1 0.5 m High and 1.8 Drawbar 
 
 
 
Figure 5.36: Roof to Rear Chamfer “Force VS Angle” Graph at 0.5 m and 1.8 m 
 
 
 
Figure 5.37: Roof to Rear Chamfer “Force VS Distance” Graph at 0.5 m and 1.8 m 
 
 
Table 5.11: Reductions Due to Roof to Rear Chamfer Variance at 0.5 m and 1.8 m 
Length Angle Force diff (N) Drag Coef diff Force Reduction (%) 
0.05 m vs 0.20 m; 15 deg : 1.8 0.002 0.2 
 
20 deg : 2.9 0.003 0.4 
 
25 deg : 0.8 0.001 0.1 
 
30 deg : 13.0 0.011 1.7 
  
Average 0.004 0.6 
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5.6.2 0.5 m High and 0.9 Drawbar 
 
 
 
Figure 5.38: Roof to Rear Chamfer “Force VS Angle” Graph at 0.5 m and 0.9 m 
 
 
 
Figure 5.39: Roof to Rear Chamfer “Force VS Distance” Graph at 0.5 m and 0.9 m 
 
 
Table 5.12: Reductions Due to Roof to Rear Chamfer Variance at 0.5 m and 0.9 m 
Length Angle Force diff (N) Drag Coef diff Force Reduction (%) 
0.05 m vs 0.20 m; 15 deg : -22.2 -0.020 Gain             -3.1 
 
20 deg : 4.6 0.004 0.6 
 
25 deg : 10.4 0.009 1.5 
 
30 deg : 25.4 0.022 3.5 
  
Average 0.004 0.6 
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5.6.3 0.2 m High and 1.8 Drawbar 
 
 
 
Figure 5.40: Roof to Rear Chamfer “Force VS Angle” Graph at 0.2 m and 1.8 m 
 
 
 
Figure 5.41: Roof to Rear Chamfer “Force VS Distance” Graph at 0.2 m and 1.8 m 
 
 
Table 5.13: Reductions Due to Roof to Rear Chamfer Variance at 0.2 m and 1.8 m 
Length Angle Force diff (N) Drag Coef diff Force Reduction (%) 
0.05 m vs 0.20 m; 15 deg : -29.1 -0.026 Gain            -4.6 
 
20 deg : -42.7 -0.038 Gain            -6.7 
 
25 deg : -31.7 -0.028 Gain            -5.0 
 
30 deg : -24.1 -0.021 Gain            -3.8 
  
Average -0.028 Gain            -5.0 
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5.6.4 0.2 m High and 0.9 Drawbar 
 
 
 
Figure 5.42: Roof to Rear Chamfer “Force VS Angle” Graph at 0.2 m and 0.9 m 
 
 
 
Figure 5.43: Roof to Rear Chamfer “Force VS Distance” Graph at 0.2 m and 0.9 m 
 
 
Table 5.14: Reductions Due to Roof to Rear Chamfer Variance at 0.2 m and 0.9 m  
Length Angle Force diff (N) Drag Coef diff Force Reduction (%) 
0.05 m vs 0.20 m; 15 deg : -46.4 -0.041 Gain             -7.4 
 
20 deg : -20.8 -0.018 Gain             -3.3 
 
25 deg : 6.4 0.006 1.0 
 
30 deg : -74.9 -0.066 Gain           -12.1 
  
Average -0.030 Gain             -5.5 
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5.6.5 Best VS Worst Visual Representations 
 
 
 
 
Figure 5.44: Side View Comparison of Worst VS Best Roof to Rear Chamfers 
 
 
 
 
Figure 5.45: Top View Comparison of Worst VS Best Roof to Rear Chamfers 
 
 
 
 
Figure 5.46: Under View Comparison of Worst VS Best Roof to Rear Chamfers 
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Figure 5.47: Isometric View Comparison of Worst VS Best Roof to Rear Chamfers 
 
 
The previous figures (Figure 5.44, Figure 5.45, Figure 5.46 and Figure 5.47) 
demonstrate a visual representation of the difference in the airflow streamlines around 
the vehicle and caravan at the worst and best setups found with varying the roof to rear 
chamfers. The first is the worst setup in regards to drag force while the second is the 
best found. The first (top halves) setup features a caravan located 1.8 m from the vehicle 
and 0.2 m high with a chamfer 0.20 m deep at an angle of 20 degrees. The second 
(bottom halves) setup features a caravan located 0.9 m from the vehicles and 0.2 m high 
with a chamfer 0.05 m deep at an angle of 30 degrees. 
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5.7 Chapter Summary 
 
This Chapter has presented the results that were found through the parametric study 
carried out in chapter 4. The results have been conveyed in two separate methods; 
through the use of number and graphs, and visually through the use of streamlines. The 
results presented pave the way for the discussion in Chapter 6 as well as the 
development of the final caravan geometry.  
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CHAPTER 6 – DISCUSSION AND 
RECOMMENDATIONS 
 
6.1 Chapter Overview 
 
This chapter is based around the discussion of results found in Chapter 5. The results 
are evaluated to determine if what was expected to happen is what the results showed. 
The reasoning behind what the results show is also discussed with focus on examination 
of the streamline figures to determine common trends throughout the geometry changes 
as well as possible streamline trends to aim for or avoid. The possible and likely 
impacts on practicality as a result of the suggested modifications are also discussed with 
ways to avoid these problems. The final proposed geometry is also presented along with 
results of the implication of those modifications relative to the initial caravans.   
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6.2 Individual Geometry Variations 
 
This section of the discussion focuses on each individual geometry variation and their 
impact on the aerodynamics of the caravan. The graphical and visual results in Chapter 
5 will be thoroughly discussed. It can be noted that the speed of the streamlines in the 
figures in Chapter 5 are represented by a colour scheme. The colour red represents the 
fastest velocity within the figure followed by a transition to yellow, then green, then 
light blue, then finally the slowest streamline speeds are dark blue.  
 
6.2.1 Caravan Height 
 
From the tests conducted by JPC it was thought that lowering the caravan height would 
result in a lower drag force. Figure 5.1 confirmed this as shown in Table 5.1 with an 
overall force reduction of 15.5% when lowering the height from 0.5 m to 0.2 m. The 
results also showed a trend where above 0.4 m and below 0.2 m the drag forces 
appeared to flat line at a minimum and maximum with a transition zone in the middle.  
 
As previously discussed in section 4.2 the change in speed did not affect the ratios of 
improvement. This was likely to happen due to the relatively low speed of the 
simulations which result in the air basically being incompressible.  
 
Comparing the streamline visuals presented in Figure 5.2 through to Figure 5.5, there is 
a few major differences that can be noted. The first major difference between the 0.5 m 
and 0.2 m high caravan simulations is the large increase in air circulating in two major 
spots. There is a significant increase in the air between the vehicle and caravan as well 
as behind the caravan itself.  Viewing Figure 5.3 and 5.4 specifically, the increased gaps 
in the airflow around the caravan 0.5 m high can be easily noted closer to the symmetry 
plane of the models. This larger section with fewer streamlines is also shown in Figure 
5.2 to be on the front and upper half of the rear of the caravan. It can also be noted that 
the air is moving slower in these circulation areas; shown by the darker blue 
streamlines.  
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The air circulating in the areas mentioned could be resulting in the bulk of the airflow 
curving around these sections which is reducing the turbulence. A reduction in the 
under body turbulence can also be seen in Figure 5.4. Figure 5.4 shows how with the 
caravan 0.5 m high the airflow curves and faces the opposite direction to the airflow, 
forcing the airflow to take a different path. However with the caravan 0.2 m high the 
streamlines do not curve to face the opposite direction. Instead the streamlines continue 
on and out the rear of the caravan to help form the circulation behind the caravan 
previously mentioned.    
 
It can be seen that two major factors change when lowering the height of the caravan. 
The first difference is the amount of space under the caravan decreases to a size more 
matched to the height of the vehicle. The way that this could be contributing to the 
decreased drag force is the airflow no longer has an excess amount of space and flows 
more naturally under the caravan.  
 
The second difference is the amount of the caravan that is above the roof of the vehicle. 
An increased surface area above the rear of the vehicles results in two things. Firstly the 
oncoming air has a larger overall area to surround and flow over. Secondly the air drops 
off from the rear of the vehicle, with the caravan lower there is more space to allow for 
the air to find the front to roof chamfer and continue on over the caravan.  
 
In conclusion the caravan height results have shown that the lowest possible height is 
preferred with an approximate 15% decrease in drag forces. This is likely due to less air 
hitting the front face of the caravan above the roof of the vehicle and a similar volume 
of space under the vehicle and caravan. This desired height could impact ground 
clearance but this is only likely to come into effect in off road situations. The use of 
adjustable air bag suspension could be used to alleviate this potential problem as the 
caravan could be towed at lower speeds with the suspension raised; the most likely 
scenario when extra ground clearance is required.   
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6.2.2 Caravan Drawbar Length 
 
The results from varying only the height at a fixed drawbar length showed that the 
lowest possible height of 0.2 m was preferred with the current caravan. Consequently 
the drawbar geometry variations to follow would be tested at the four same caravan 
heights of 0.2, 0.3, 0.4 and 0.5 metres. Testing the different heights with varying 
drawbar lengths would verify whether or not the results were consistent throughout 
changing drawbar lengths with the current caravan setup.   
 
Tests conducted by JPC concluding that a combination of lowering the height of the 
caravan and shortening the drawbar length reduced the drag forces. Consequently it was 
assumed that shortening the drawbar length would show similar reduction trends to 
what was found when lowering the height. The results found showed that this was not 
the case and the only time shortening the drawbar length had a continual decrease was 
with a caravan height of 0.4 metres. The other three caravan heights of 0.2, 0.3 and 0.5 
metres all showed an initial increase in drag force when shortening the drawbar length.  
 
However by the time the drawbar distance was shortened down to 0.9 metres the drag 
forces had reduced back to approximately their initial values with a drawbar length of 
1.8 metres. The exception was for a caravan height of 0.5 metres which had a 
significantly lower drag force then with a drawbar length of 1.8 metres.   
 
Comparing the effects of lowering the caravan height at each drawbar length tested 
there was still an approximate drag force reduction of 15%. This was with the exception 
of a drawbar length of 0.9 metres where there was only a reduction of 9%. This was a 
result a significant difference in the drag forces by shortening the length of the drawbar 
at the height of 0.5 metres.  
 
The figures presented in section 5.3 can be compared with the figures presented in 
section 5.2 to see a visual comparison of the streamlines between caravans at the four 
most extreme positions in terms of distances. The trends noticed in the streamlines 
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when altering the caravan height were also maintained when comparing the four 
positions and their drag forces.  
 
The gaps in the streamlines between the caravan 0.2 metres high at a distance of 1.8 
metres and the caravan 0.5 metres high at a distance of 0.9 metres are comparable in 
both their size and position. The main difference between the two are the under body 
effects and the flow from the vehicle onto the caravan front to roof chamfer.  
 
The under body of the caravan 0.5 m high experiences the airflow turn around effect 
previously mentioned in the height variance discussion. This is consistent with the 
height results and is eliminated by lowering the height to 0.2 metres at both drawbar 
distances. However the airflow from the vehicle to caravan’s front to roof chamfer 
appears to be more severe on the caravan 0.2 metres high still. This shows how the 
height may have a larger impact on the aerodynamics but both are still important.        
 
The drawbar variance results have concluded that both the height and drawbar length is 
of great importance in regards to aerodynamics. It has been shown that if the caravan is 
at the optimal height of 0.2 metres then it will not matter if the caravan is located very 
close to the vehicle or very far away. However with its current geometry the caravan 
should never be located a distance in between 0.9 and 1.8 metres from the vehicle.   
 
A longer A-frame is generally considered a good thing among the common caravan 
consumer due to the proposed benefit of the caravan being easier to reverse, corner and 
being more stable. This longer A-frame being considered a benefit is a misconception 
amongst caravan consumers as increasing the distance from the hitch to the caravan 
axles is what actually brings these benefits. The only real restriction on the distance a 
caravan is from the rear of the tow vehicle is whether or not the caravan will hit the 
vehicle when making sharp turns. This can be avoided with the implication of an 
adjustable drawbar length. It is thought that maybe with an adjustable drawbar the 
caravan can be closer than 0.9 metres while travelling at speeds when aerodynamics 
matter. The results of this have been unexplored but watching the trends shown in the 
graphs suggests the drag forces could potentially decrease further.  
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6.2.3 Caravan Front to Roof Chamfer 
 
The height and drawbar results have shown that a shorter drawbar is not always desired. 
Consequently the chamfer modifications will be tested at the four most extreme caravan 
positions possible. The four positions are made of up combinations of heights of 0.5 and 
0.2 metres as well as drawbar lengths of 0.9 and 1.8 metres. 
 
The front to roof chamfer was already present of the caravan. As a result the impact of 
altering the chamfers dimensions is to be discussed rather than the effects it has if not 
present in the first place. After examination of the streamlines presented in sections 5.2 
and 5.3; it was identified that the transition of airflow from the rear of the vehicle onto 
the front to roof chamfer was important. Consequently it was thought that the deeper the 
chamfer and the further it extended towards the rear of the vehicle, the better. This was 
due to the angle the airflow would hit the chamfer and the distance available for the 
airflow to meet the chamfer.  
 
The results show that at a drawbar length of 1.8 metres there appears to be a consistent 
trend in lowering drag forces when increasing the chamfer depth no matter the angle. 
The change in chamfer depth no matter the angle lowers the drag forces approximately 
70 Newtons. However at the same drawbar length there also appears to be a trend where 
the angle of the chamfer does not have as a significant impact no matter the chamfer 
depth. There is an average decrease in drag forces of approximately 20 Newtons when 
changing the angle from 30 to 15 degrees.  
 
Not dissimilar to the drawbar length of 1.8 metres the caravan with a drawbar length of 
0.9 metres showed the same trends at both heights when varying the front to roof 
chamfer. However while there was still similar overall increases from the smallest to 
largest chamfer sizes, the way the drag forces decreased in the graphs were more 
random.  
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The most inferior caravan simulation setup when examining the effects of the front to 
roof chamfer was found to be on a caravan located 1.8 metres from the vehicle and 0.5 
metres high with a chamfer 0.3 metres deep at an angle of 25 degrees. The most superior 
caravan simulation setup when was found to be on a caravan located 0.9 metres from the 
vehicle and 0.5 metres high with a chamfer 0.7 metres deep at an angle of 15 degrees. This 
helped to cement the previous conclusions found that a lower height and shorter drawbar 
length is preferable.  
 
Examining the worst versus the best streamline figures (Figure 5.20 through to Figure 5.23) 
of the caravan simulations mentioned above the same major trends reappear in the 
streamlines. The caravan under body airflow has the same characteristics as the higher and 
lowers caravans as expected. The angle of attack on the front to rear chamfer is shown to be 
significantly smoother with the large chamfer as expected. And the most major of the trends 
previously identified is the air bubble that forms at the rear of the caravan; this helps to 
make the airflow more similar to that of a teardrop.  
 
Another notable difference between the simulations that had previously yet to be identified 
was the overall width of the streamlines. The overall width of the streamlines is 
significantly less on the superior of the caravan models and shown clearly in Figure 5.21 
and Figure 5.22. This is likely due to a combination of factors that all add up to finally 
make the overall model more efficient. The biggest however may be the size of the face of 
the front of the caravan and how much of that face is in the open rather than behind the 
vehicle as this is the main difference between these and previous simulations.  
 
The front to roof chamfer variance results have concluded that the size of the chamfer is 
still of great importance along with both the caravan height and drawbar length. It has 
been shown that the largest possible chamfer tested is desirable. This however produces 
a potential problem as this larger chamfer sacrifices an amount of caravan space. It is 
unknown how this could be avoided as having an adjustable face may not be financially 
viable or even possible. 
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6.2.4 Caravan Front to Side Chamfers 
 
The front to roof chamfer results has shown how the reduction of the size of the front of 
the caravan could improve aerodynamics. The next geometry variation tested also had a 
similar impact but reduced the area of the caravan out the side of the vehicle rather than 
above it. For consistency the front to side chamfers were also tested at the same four 
caravan positions as the front to roof chamfers.  
 
Unlike the front to roof chamfer, the front to side chamfer was not already present on 
the model so two decisions were necessary. Is the implication of the chamfer worth it in 
the first place and if so what are the best geometry aspects for it. It was thought that the 
implication of a front to side chamfer would show similar characteristics to the front to 
roof chamfer. Since the front to roof chamfer results showed that decreasing the area of 
the front of the caravan was beneficial it was thought this would also be the case for the 
front to side chamfers. It was also found that a decrease in the width of the streamlines 
flowing around the caravan was beneficial and it was thought that front to side chamfers 
would also assist further with this. 
 
Not surprisingly the results showed that the impact the front to side chamfer had on the 
results was more dependent on the drawbar length. However the front to side chamfers 
had a very small effect on the overall drag forces and in some cases even increased the 
overall drag. This is likely due to the different airflow that is generated even though the 
area of the front face of the caravan is reduced.    
 
Upon inspection of Figure 5.32 through to Figure 5.35; the reason behind the increased 
drag forces with the front to side chamfers becomes very obvious. It is clear that the 
front to side chamfers create a lot of cross flow under the caravan, shown in Figure 
5.34. This is likely due to the air that hits the chamfers appear to roll off the chamfers 
and under the caravan as well as around the side. This leads to the potential that the 
extra turbulence created under the caravan offsets the gains achieved by reducing the 
front face area. This could potentially be avoided with the introduction of caravan side 
skirts to reduce the ability of the airflow to roll off the chamfers and under the caravan.   
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6.2.5 Caravan Roof to Rear Chamfer 
 
Like the front to side chamfer, the roof to rear chamfer was not already present on the 
caravan. Using the theory that a tear drop is the most aerodynamic shape possible it was 
thought that the biggest chamfer possible was most likely the most aerodynamic. This 
was due to the theory that the rear of the caravan should taper to a point for the best 
aerodynamics. 
 
The results showed that at a caravan height of 0.5 metres there were almost no 
significant changes. The results never changed more than approximately 20 Newtons 
when changing the angle of set chamfer depth or the depth of a chamfer with a set 
angle.  
 
However when the caravan was shifted closer some interesting changes occurred. 
Unlike the teardrop theory there was actually a consistent drop in drag forces of 
approximately 5% when using the smallest chamfer oppose to the largest chamfer. It 
was also surprising that the best angle was also the steepest of 30 degrees making the 
absolute smallest chamfer the best. There was also a total drop of 80 Newtons in both 
model simulations with shorter drawbars.  
 
Observing the streamline comparisons in Figure 5.44 through to Figure 5.47; the area of 
focus had to be on the rear of the caravan. It can be seen that the model with the larger 
chamfer appears to create a tornado effect with increased separation as shown in the 
upper halves of Figure 5.45 and Figure 5.46. It is thought that this happens for a reason 
similar to the effects the front to side chamfers appeared to have. The chamfer directs 
the airflow in such a way that it increases turbulence and disrupts the generation of the 
rear bubble. However it should be noted that the worst chamfer results still showed an 
improvement of 25 Newtons over the same model without the chamfer.         
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6.3 Final Geometry Combination  
 
After an evaluation of the discussed parametric study results a final combination of 
geometry modifications were chosen. The chosen caravan dimensions to test were a 
height of 0.2 metres, a drawbar length of 0.9 metres, a front to roof chamfer with a 
depth of 0.7 metres and an angle of 15 degrees, and finally a roof to rear chamfer with a 
depth of 0.05 metres and 30 degrees. There was no front to side chamfers included as 
the results showed that it would have little to no impact while sacrificing a large amount 
of caravan storage space. The chamfer dimensions chosen were both the best 
dimensions found for their respective simulations and they both also gave their best 
results at the caravan height and drawbar length chosen. The isometric view of the 
streamlines for the proposed final setup is presented below in Figure 6.1. A comparison 
between the drag forces and expected fuel usage of the proposed caravan and initial two 
caravan models is also presented in Table 6.1.    
 
 
 
Figure 6.1: Isometric View of Final Caravan Streamlines 
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Table 6.1: Final Drag Force and Approximate Fuel Usage Comparison 
Caravan Model Drag Force Found (N) Approximate Fuel Usage (L/100 km) 
General Caravan 828.9 ~ 20.7 
Aerovan 697.7 ~ 17.4 
Proposed Final Caravan 585.1 ~ 14.6  
 
 
The approximate fuel usage figures in Table 6.1 were calculated using a direct 
conversion between the results for each model and the Discovery 4 as shown below. It 
should also be noted that the approximate fuel usage figures presented may not be the 
actual figures in a real scenario. However it is expected that since the masses of each 
caravan should be almost identical; the percentages should remain relatively similar if 
the figures are not identical to a real life scenario.  
 
                           
     
     
                  
 
         
     
     
                  
 
               
     
     
                  
 
The impact the proposed final caravan would have on practicality is relatively small. 
The small chamfer on the rear of the caravan poses almost not sacrifice of space. While 
the front to roof chamfer is simply made larger within the boundaries set by JPC.  
 
In conclusion if the Aerovan results in approximately 16% better fuel economy then the 
general caravan. And the final caravan should result in approximately 29.5% better fuel 
economy then the general caravan and 16% better fuel economy than the current 
Aerovan. 
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6.4 Chapter Summary  
 
This chapter has discussed the results presented in Chapter 5 and provided a 
recommended caravan setup. The results for each geometry variation have been 
discussed with reference to their drag forces and velocity streamline figures. The 
probable fuel usage decreases have been summarised to show the potential gains to be 
achieved by the implementation of the results. The recommended caravan setup 
sacrifices minimal storage space to achieve approximately 30% better fuel economy 
when compared to the initial caravan.   
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CHAPTER 7 – CONCLUSIONS  
 
7.1 Chapter Overview 
 
This chapter reviews what the project has achieved and the results found as a result of 
the study. A list of general rules that may prove as a useful guide for optimising the 
aerodynamic shape of the JPC caravan is presented. The limitations of the models and 
analysis method are also discussed along with potential future work required to advance 
or further verify the results. 
 
 
7.2 Project Conclusions 
 
In order for the project to achieve the aims set out, several objectives were required to 
be completed in a specific order. Firstly research into the optimisation of caravan 
aerodynamics was conducted by reviewing literature related to the history of optimising 
transport aerodynamics, caravans and what is important in regards to them. Research 
into CFD software and how it is applicable to caravan aerodynamics was also a 
necessity to help develop the skills required for the project.   
 
With the background information acquired the aerodynamics of the JPC caravan was 
more heavily focused on. A model which represented the JPC caravan was constructed 
and verified using an extensive grid independence study and real world comparisons 
between fuel usage and drag forces. After the model was verified a parametric study 
was conducted on the caravan which produced results used to present specific proposed 
modifications to the caravan. It was found that the proposed modifications to the front 
to roof and roof to rear chamfers had the potential to improve the caravan’s 
aerodynamics by approximately 30% with minimal impact on practicality.   
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7.3 Final Statements 
 
Some general statements can be summarised to represent the results found and 
discussed: 
 
1. The current JPC caravan should have a ride height similar to that of the tow 
vehicle. 
 
2. If the current JPC caravan does not have the same ride height as the tow vehicle 
then it should be positioned within 0.9 metres of the tow vehicle.  
 
3. If the current JPC caravan cannot be positioned within 0.9 metres of the tow 
vehicle then it should be positioned at a distance at least greater than 1.5 metres. 
 
4. To achieve the most out of the chamfer variations proposed the caravan should 
be located no further than 0.9 metres from the tow vehicle at a ride height 
similar to that of the tow vehicle.  
 
5. The caravan front to roof chamfer should be shaped so that the top of the 
caravan front face is lower than the roof of the tow vehicle and the chamfer is on 
as much of a horizontal angle as practical. 
 
6. No caravan front to side chamfers should be implemented. 
 
7. The caravan roof to rear chamfer should be shaped in a way that it extends 50 
millimetres or less down the rear face of the caravan and is angled as vertical as 
practical.   
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7.4 Project Limitations and Future Work 
 
This project has presented a largely theoretical section of work which can be applied 
practically to optimise the aerodynamics of the JPC caravan. Due to the theoretical 
nature of the project and CFD simulations; there is a limit to the uses of the results. 
There is also a vast range of potential future work which ranges from different ways to 
examine the CFD results found to comparing the results found with full size caravan 
wind tunnel tests and real caravan fuel usages.  
 
7.4.1 Limitations 
 
A major limitation that could be identified with the project and CFD models in general 
is the meshing used. Due to the large amount of simulations required for the parametric 
study one mesh had to be chosen for all simulations to save time. Another limitation 
related to the meshing was the complexity of the model that could be generated. Due to 
the license limits and time required for simulations the effects of modifications such as 
caravan under body style could not be tested.  
 
A limitation found in the results was the spread of the data collected. Due to the large 
number of simulations required for the parametric study alone (256); it is possible that 
the data range for each graph was not great enough. Most of the graphs presented were 
made up of 4 or 5 lines which were generated through only 4 or 5 points. An increase in 
result plot points could result in the formation of different trends in the graphs and 
consequently different results.  
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7.4.2  Future Work 
 
The initial future work related to the project is the potential for different ways to 
evaluate the results produced. The streamline figures produced all used their own colour 
scales. If a consistent colour scale was implemented throughout the streamline figures 
then differences may become easier to identify. Not only would the streamline shapes 
be clear but also the speed of the streamlines would be represented. 
 
Another potential way to evaluate the results differently is through the use of pressure 
plots. The use of pressure plots could be used to identify areas where there is a 
substantial difference in pressure. Identifying these pressure differences could show 
areas to focus on more heavily when trying to improve the aerodynamics. For example, 
a pressure plot may show if there is a considerable increase or decrease in pressure 
under the caravan compared to under the vehicle.  
 
Other potentially useful work lies in the better verification of the CFD models. Wind 
tunnel tests could be conducted on full size vehicle and caravan models to determine 
their actual drag. Having actual drag force figures would significantly help in the 
verification of the models. These figures could also be obtained by the use of scaled 
models in conjunction with Buckingham PI theory. The use of wind tunnels could also 
be further used to conduct particle flow tests. This would allow for a direct comparison 
with the streamline figures to determine their accuracy. The models could also be 
further verified by obtaining actual fuel usage figures after the implementation of the 
suggested modifications.   
 
Future work could also be more heavily focused on the caravan itself. The results found 
showed that a major factor affecting the aerodynamics was the airflow underneath the 
caravan. This shows how a caravan under body evaluation could have the potential to 
yield useful results. It is also thought that possibly a heavier focus on the rear of the 
caravan in the future could provide useful; this is based off the theory that a teardrop is 
the most aerodynamic shape possible where the rear end finishes at a point.  
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APPENDICES 
Appendix A – Project Specification 
 
University of Southern Queensland 
FACULTY OF ENGINEERING AND SURVEYING 
ENG 4111/4112 Research Project 
PROJECT SPECIFICATION 
FOR:   Kyle BRISKEY 
TOPIC:   IMPROVING CARAVAN DESIGN BY MODELLING OF 
AIRFLOW 
SUPERVISORS: Andrew Wandel 
   Justin Clarke, JPC Engineering 
ENROLMENT:  ENG4111 – S1, D, 2013; 
   ENG4112 – S2, D, 2013 
PROJECT AIM: This project seeks to investigate the change in drag of a caravan by 
constructing Computational Fluid Dynamic (CFD) models of proposed 
caravan shapes. 
SPONSORSHIP: JPC Engineering 
PROGRAMME: Issue A, 27
th
 March 2013 
1. Research the background information relating to caravan drag and caravan CFD 
models. 
2. Record current prototype geometries and collect pre-recorded data.  
3. Generate a model that accurately represents the current prototype. 
4. Run Simulations of the prototype model to verify its accurate representation of the 
caravan. 
5. Perform a parametric study with the proposed prototype modifications.  
6. Submit an academic dissertation on the research. 
As time permits: 
1. Select the preferred modifications and make them to the prototypes. 
2. Assess the accuracy between the CFD models and the modified prototypes. 
3. Propose suggested further modifications. 
AGREED: 
 ________________ (Student) ________________  ,   ________________ 
(Supervisors) 
         ___ / ___ / ___         ___ / ___ / ___         ___ / ___ / ___ 
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Appendix B – Project Timeline 
 
 
Table B.1: Project Timeline 
Tasks Start 
Date 
Time (days) End Date 
Project Specification 4-Mar 23 27-Mar 
Initial Investigations 27-Mar 16 12-Apr 
Dissertation Writing 12-Apr 192 21-Oct 
Research 12-Apr 41 23-May 
Chapter 1 19-Apr 27 16-May 
Chapter 2 26-Apr 27 23-May 
Initial Models 12-Apr 27 9-May 
First Presentation 2-May 7 9-May 
Preliminary Report 23-May 6 29-May 
Chapter 3 29-May 49 17-Jul 
Prototype Simulations 29-May 63 31-Jul 
Parametric Study 31-Jul 21 21-Aug 
Chapter 4 7-Aug 21 28-Aug 
Chapter 5 28-Aug 21 18-Sep 
Chapter 6 18-Sep 21 9-Oct 
Second Presentation 23-Sep 11 4-Oct 
Proof Reading 9-Oct 12 21-Oct 
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Figure B.1: Project Timeline Gantt Chart 
4-Mar 25-Mar 15-Apr 6-May 27-May 17-Jun 8-Jul 29-Jul 19-Aug 9-Sep 30-Sep 21-Oct 11-Nov
Project Specification
Initial Investigations
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Chapter 1
Chapter 2
Initial Models
First Presentation
Preliminary Report
Chapter 3
Prototype Simulations
Parametric Study
Chapter 4
Chapter 5
Chapter 6
Second Presentation
Proof Reading
Date 
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Project Gantt Chart 
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Appendix C – Risk Assessment Details 
 
The terms used in the risk assessment are defined as: 
 
 The Danger Description defines the action(s) that propose a potential risk and 
contains some possible results if ignored. 
 
 The Probability Level is the likelihood that the danger will occur and result in 
harm and has been divided into 4 classes: 
 
o Highly Improbable 
o Improbable 
o Probable 
o Extremely Probable 
 
 The Consequence Level is the severity of the consequence as a result of 
neglecting to act appropriately to the dangers and has been divided into 4 levels: 
 
o Small – no impact on health or negligible economic/material damage. 
o Moderate – minor temporary impact on health (cuts, small burns, 
bruises, etc.)  
o Severe – major health impacts but serious injury or death still unlikely.   
o Catastrophic – death or serious injury is likely.   
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 The Danger Magnitude is the resultant of a combination of the probability level 
and consequence level and is defined in a risk assessment matrix in Error! 
eference source not found.. The resultant danger magnitudes: 
 
o Low – acceptable without further intervention 
o Moderate – acceptable but must be monitored 
o High – unacceptable and care must be taken 
o Extreme – unacceptable and project progress must halt until changed 
 
 
Table C.1: Danger Magnitude Risk Assessment Matrix 
 Consequence Level 
Small Moderate Severe Catastrophic 
 
 
Probability 
Level 
Highly 
Improbable 
Low Low Moderate Extreme 
Improbable 
 
Moderate Moderate High Extreme 
Probable 
 
High High Extreme Extreme 
Extremely 
Probable 
Extreme Extreme Extreme Extreme 
 
 
 The Appropriate Steps represents the steps or means necessary to reduce the 
danger magnitude to an acceptable level; i.e. low or moderate where acceptable. 
 
 The Result of Steps describes what has been achieved by taking the actions 
deemed required to minimise the danger magnitude. 
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Table C.2: Risk Assessment 1 
Risk Assessment – 1 
Danger Description Extended computer use/incorrect computer use. 
 
Probability Level  Extremely Probable 
Consequence Level Severe 
Danger Magnitude Extreme 
Appropriate Steps WH&S recommends:  
 Constant breaks 
 No longer than 5 hours a day 
 Stare at objects in distance to relieve eyes 
 Blink regularly 
Result of Steps Moderate – still needs to be constantly monitored 
 
 
Table C.3: Risk Assessment 2 
Risk Assessment – 2 
Danger Description Travel to and from JPC Engineering by car – possible car 
accident. 
Probability Level  Improbable 
Consequence Level Severe 
Danger Magnitude High 
Appropriate Steps Drive accordingly and without fatigue. 
Result of Steps Moderate – still needs constant monitoring 
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Table C.4: Risk Assessment 3 
Risk Assessment – 3 
Danger Description Measuring and inspecting unfinished and finished caravans – 
possible sharp edges, etc. resulting in cuts, etc. 
Probability Level  Improbable 
Consequence Level Moderate 
Danger Magnitude Moderate 
Appropriate Steps  Don’t rush 
 Wear gloves where appropriate  
 Seek help where required 
Result of Steps Low/Moderate – still requires attention but danger is unlikely 
 
 
Table C.5: Risk Assessment 4 
Risk Assessment – 4 
Danger Description Own potential modifications result in dangerous caravan 
behaviour on the road if carried out.  
Probability Level  Improbable 
Consequence Level Catastrophic – may result in high speed crash and death 
Danger Magnitude Extreme 
Appropriate Steps Testing on modifications must be carried out prior to sales 
Result of Steps Low – if steps are taken danger should be avoided 
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Appendix D – Land Rover Discovery 4 Brochure Page 60 
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Appendix E – Caravan Dimension Sketch 
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Appendix F – Height Variance Results Data Sheet 
 
 
Table F.1: Height Variance Data Sheet 
Height (m) Speed (km/h) Velocity (m/s) Iterations Nodes Elements Force-x (N) Force-y (N) Force-z (N) Drag Coefficient 
0.5 80 22.222 145 159542 450612 530.5 -32.6 938.8 0.732 
0.5 90 25 145 159542 450612 671.2 -41.4 1190.0 0.731 
0.5 100 27.777 144 159542 450612 828.9 -51.0 1470.9 0.732 
0.5 110 30.555 143 159542 450612 1003.2 -61.6 1781.6 0.732 
0.4 80 22.222 200 164960 463066 529.3 -27.3 971.8 0.730 
0.4 90 25 200 164960 463066 671.3 -34.3 1230.8 0.732 
0.4 100 27.777 200 164960 463066 829.9 -42.1 1520.9 0.733 
0.4 110 30.555 200 164960 463066 1005.9 -50.8 1840.7 0.734 
0.3 80 22.222 114 174838 485718 481.6 23.6 898.1 0.664 
0.3 90 25 114 174838 485718 608.9 29.4 1139.2 0.664 
0.3 100 27.777 116 174838 485718 749.5 32.0 1410.8 0.662 
0.3 110 30.555 200 174838 485718 907.0 37.9 1704.4 0.662 
0.2 80 22.222 79 196321 538682 449.3 -9.1 893.2 0.620 
0.2 90 25 79 196321 538682 568.2 -11.5 1131.1 0.619 
0.2 100 27.777 79 196321 538682 700.7 -13.9 1397.1 0.619 
0.2 110 30.555 80 196321 538682 847.6 -18.0 1689.1 0.618 
0.15 80 22.222 80 224885 604675 447.3 -12.2 907.9 0.617 
0.15 90 25 80 224885 604675 565.6 -15.2 1150.1 0.616 
0.15 100 27.777 80 224885 604675 697.7 -18.2 1420.8 0.616 
0.15 110 30.555 80 224885 604675 843.6 -20.6 1719.5 0.615 
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Appendix G – Drawbar Length Variance Results Data Sheet 
 
 
Table G.1: Drawbar Length Variance Data Sheet 
Height (m) DrawBar (m) Velocity (m/s) Iterations Nodes Elements Force-x (N) Force-y (N) Force-z (N) Drag Coefficient 
0.5 1.8 27.777 144 159542 450612 828.9 -51.0 1470.9 0.732 
0.5 1.5 27.777 155 160480 454353 884.2 -69.6 1438.2 0.781 
0.5 1.2 27.777 163 159928 449846 885.9 -100.6 1385.5 0.782 
0.5 0.9 27.777 89 160570 453879 767.9 -118.4 1335.6 0.678 
0.4 1.8 27.777 200 164960 463066 829.9 -42.1 1520.9 0.733 
0.4 1.5 27.777 76 166537 467445 831.6 -31.6 1427.7 0.734 
0.4 1.2 27.777 103 165202 462050 812.7 -13.8 1369.3 0.717 
0.4 0.9 27.777 79 167905 470463 776.8 26.6 1288.7 0.686 
0.3 1.8 27.777 116 174838 485718 749.5 32.0 1410.8 0.662 
0.3 1.5 27.777 175 176435 492146 799.8 51.8 1395.2 0.706 
0.3 1.2 27.777 106 176880 490743 807.5 -12.1 1314.1 0.713 
0.3 0.9 27.777 183 176282 489067 765.0 -4.7 1285.5 0.675 
0.2 1.8 27.777 79 196321 538682 700.7 -13.9 1397.1 0.619 
0.2 1.5 27.777 156 198501 542592 756.4 -9.9 1384.0 0.668 
0.2 1.2 27.777 85 196284 539254 740.4 27.4 1322.9 0.654 
0.2 0.9 27.777 62 196422 537431 697.7 -5.2 1270.1 0.616 
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Appendix H – Front to Roof Chamfer Variance Results Data Sheets 
 
 
Table H.1: Front to Roof Chamfer Variance at 0.5 m High and 1.8 m Drawbar 
Dist. (m) Angle (deg) Velocity (m/s) Iterations Nodes Elements Force-x (N) Force-y (N) Force-z (N) Drag Coefficient 
0.3 15 27.777 132 159616 451184 876.1 -25.1 1526.0 0.773 
0.3 20 27.777 66 160021 452454 871.5 -26.0 1538.0 0.769 
0.3 25 27.777 63 160842 455277 877.0 -42.1 1545.0 0.774 
0.3 30 27.777 73 161173 456184 870.0 -21.9 1553.0 0.768 
0.4 15 27.777 62 159874 451233 854.4 -48.9 1512.0 0.754 
0.4 20 27.777 62 159557 450824 871.2 -48.0 1524.0 0.769 
0.4 25 27.777 68 159644 451077 867.7 -46.6 1531.0 0.766 
0.4 30 27.777 137 160276 453090 872.1 -39.0 1539.0 0.770 
0.5 15 27.777 63 159315 449729 834.0 -77.2 1475.0 0.736 
0.5 20 27.777 145 159210 448943 840.1 -54.9 1499.0 0.742 
0.5 25 27.777 64 159339 449906 844.7 -67.2 1515.0 0.746 
0.5 30 27.777 71 159519 450848 848.9 -61.7 1538.0 0.749 
0.6 15 27.777 70 159592 450767 825.8 -96.1 1458.0 0.729 
0.6 20 27.777 148 159467 450562 827.6 -73.6 1470.0 0.731 
0.6 25 27.777 63 159461 450248 836.6 -79.2 1491.0 0.739 
0.6 30 27.777 72 159132 448948 832.9 -82.2 1522.0 0.735 
0.7 15 27.777 69 159782 451248 814.0 -109.7 1430.0 0.719 
0.7 20 27.777 63 159529 450459 824.9 -107.0 1459.0 0.728 
0.7 25 27.777 69 159250 449765 826.1 -96.5 1478.0 0.729 
0.7 30 27.777 63 159660 450739 839.5 -98.1 1501.0 0.741 
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Table H.2: Front to Roof Chamfer Variance at 0.5 m High and 0.9 m Drawbar 
Dist. (m) Angle (deg) Velocity (m/s) Iterations Elements Nodes Force-x (N) Force-y (N) Force-z (N) Drag Coefficient 
0.3 15 27.777 94 454082 160632 803.5 -73.5 1373.0 0.709 
0.3 20 27.777 90 456659 161219 803.8 -53.3 1382.0 0.710 
0.3 25 27.777 89 455776 161256 806.7 -13.2 1373.0 0.712 
0.3 30 27.777 90 457262 161814 793.7 -56.3 1393.0 0.701 
0.4 15 27.777 90 455168 160902 792.3 -40.0 1341.0 0.699 
0.4 20 27.777 91 454380 160753 792.0 -79.3 1361.0 0.699 
0.4 25 27.777 89 455532 161095 791.8 -37.6 1368.0 0.699 
0.4 30 27.777 93 456906 161494 804.8 -68.6 1373.0 0.710 
0.5 15 27.777 89 453719 160657 766.8 -136.1 1339.0 0.677 
0.5 20 27.777 90 453472 160535 769.8 -111.4 1358.0 0.680 
0.5 25 27.777 88 453979 160620 772.3 -111.4 1370.0 0.682 
0.5 30 27.777 88 454302 160793 796.2 -103.1 1374.0 0.703 
0.6 15 27.777 77 453897 160602 756.1 -129.7 1314.0 0.667 
0.6 20 27.777 98 453620 160598 778.1 -93.5 1330.0 0.687 
0.6 25 27.777 80 454392 160846 799.6 -50.3 1347.0 0.706 
0.6 30 27.777 91 453532 160645 794.7 -102.0 1372.0 0.702 
0.7 15 27.777 75 454340 160656 750.7 -154.6 1295.0 0.663 
0.7 20 27.777 75 452854 160453 753.6 -137.7 1325.0 0.665 
0.7 25 27.777 80 453693 160467 754.3 -145.6 1350.0 0.666 
0.7 30 27.777 84 453399 160531 773.0 -145.1 1368.0 0.682 
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Table H.3: Front to Roof Chamfer Variance at 0.2 m High and 1.8 m Drawbar 
Dist. (m) Angle (deg) Velocity (m/s) Iterations Elements Nodes Force-x (N) Force-y (N) Force-z (N) Drag Coefficient 
0.3 15 27.777 82 537814 196197 753.3 26.9 1431.0 0.665 
0.3 20 27.777 71 538613 196444 756.9 42.1 1453.0 0.668 
0.3 25 27.777 74 540955 197241 756.2 42.2 1470.0 0.668 
0.3 30 27.777 76 542124 197554 767.6 52.7 1467.0 0.678 
0.4 15 27.777 77 536377 195825 726.3 9.0 1416.0 0.641 
0.4 20 27.777 72 536869 195971 733.2 2.5 1444.0 0.647 
0.4 25 27.777 74 537624 196228 740.5 33.7 1452.0 0.654 
0.4 30 27.777 77 539266 196539 759.7 33.9 1445.0 0.671 
0.5 15 27.777 79 535725 195621 700.2 -0.1 1394.0 0.618 
0.5 20 27.777 77 536932 196005 715.3 0.7 1416.0 0.631 
0.5 25 27.777 77 535088 195459 729.4 -2.9 1434.0 0.644 
0.5 30 27.777 80 537780 196334 731.4 10.7 1437.0 0.646 
0.6 15 27.777 70 536982 195973 691.0 -12.8 1375.0 0.610 
0.6 20 27.777 76 534916 195332 695.5 -7.6 1411.0 0.614 
0.6 25 27.777 74 536019 195743 713.0 -16.6 1431.0 0.629 
0.6 30 27.777 153 535521 195503 724.1 -3.2 1429.0 0.639 
0.7 15 27.777 76 537539 195959 675.8 -7.9 1356.0 0.597 
0.7 20 27.777 74 537174 195889 684.2 -16.7 1390.0 0.604 
0.7 25 27.777 74 536261 195614 693.7 -24.3 1413.0 0.612 
0.7 30 27.777 76 535071 195484 697.4 -14.0 1422.0 0.616 
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Table H.4: Front to Roof Chamfer Variance at 0.2 m High and 0.9 m Drawbar 
Dist. (m) Angle (deg) Velocity (m/s) Iterations Elements Nodes Force-x (N) Force-y (N) Force-z (N) Drag Coefficient 
0.3 15 27.777 200 535900 196223 783.3 123.3 1341.0 0.691 
0.3 20 27.777 200 537203 196570 727.5 5.1 1304.0 0.642 
0.3 25 27.777 194 538489 196929 705.1 11.3 1281.0 0.622 
0.3 30 27.777 200 541189 197688 762.3 45.9 1323.0 0.673 
0.4 15 27.777 200 538280 196775 736.1 61.7 1263.0 0.650 
0.4 20 27.777 200 536448 196251 784.7 104.1 1299.0 0.693 
0.4 25 27.777 96 537258 196419 769.9 73.3 1288.0 0.680 
0.4 30 27.777 189 537929 196689 707.5 -6.3 1277.0 0.625 
0.5 15 27.777 200 536916 196408 737.3 18.0 1260.0 0.651 
0.5 20 27.777 68 537091 196394 720.6 1.4 1264.0 0.636 
0.5 25 27.777 88 537170 196361 738.3 18.2 1287.0 0.652 
0.5 30 27.777 82 536115 196183 755.1 29.3 1286.0 0.667 
0.6 15 27.777 75 536490 196217 664.5 13.4 1266.0 0.587 
0.6 20 27.777 66 537193 196415 694.2 -14.9 1270.0 0.613 
0.6 25 27.777 200 535845 196086 746.5 -1.4 1348.0 0.659 
0.6 30 27.777 100 535730 196057 743.9 3.2 1298.0 0.657 
0.7 15 27.777 63 538111 196555 652.4 13.3 1254.0 0.576 
0.7 20 27.777 147 537474 196361 675.5 -16.0 1273.0 0.596 
0.7 25 27.777 73 538841 196856 674.3 4.4 1283.0 0.595 
0.7 30 27.777 75 536134 195930 695.0 -9.6 1299.0 0.614 
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Appendix I – Front to Side Chamfer Variance Results Data Sheets 
 
 
Table I.1: Front to Side Chamfer Variance at 0.5 m High and 1.8 m Drawbar 
In dist. (m) Angle (deg) Velocity (m/s) Iterations Elements Nodes Force-x (N) Force-y (N) Force-z (N) Drag Coefficient 
0.23 15 27.777 71 159835 452032 782.6 -49.4 1437.3 0.691 
0.23 20 27.777 69 160787 454776 799.2 -77.4 1443.8 0.706 
0.23 25 27.777 148 161486 456992 798.4 -76.6 1453.6 0.705 
0.23 30 27.777 137 162270 459467 813.9 -88.7 1452.9 0.719 
0.2875 15 27.777 69 159765 450935 785.2 -43.1 1427.3 0.693 
0.2875 20 27.777 70 160177 453084 788.4 -57.7 1433.8 0.696 
0.2875 25 27.777 71 160609 454349 803.3 -76.9 1444.5 0.709 
0.2875 30 27.777 71 161347 456866 806.9 -86.2 1446.5 0.712 
0.345 15 27.777 76 159556 450920 788.2 -52.3 1426.0 0.696 
0.345 20 27.777 158 160023 452145 788.3 -51.9 1433.4 0.696 
0.345 25 27.777 70 160228 453268 794.5 -65.7 1432.1 0.701 
0.345 30 27.777 158 160247 453472 796.4 -64.7 1437.8 0.703 
0.4025 15 27.777 79 159575 451221 790.6 -48.8 1419.0 0.698 
0.4025 20 27.777 74 159995 452548 796.3 -51.2 1422.0 0.703 
0.4025 25 27.777 74 159826 451525 794.7 -58.5 1425.4 0.702 
0.4025 30 27.777 70 160131 452174 808.2 -74.2 1433.7 0.713 
0.46 15 27.777 200 160012 452286 787.3 -44.6 1413.5 0.695 
0.46 20 27.777 72 159731 451912 794.0 -50.9 1410.3 0.701 
0.46 25 27.777 151 159623 451214 801.6 -55.8 1421.5 0.708 
0.46 30 27.777 77 159859 451746 798.8 -63.6 1420.3 0.705 
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Table I.2: Front to Side Chamfer Variance at 0.5 m High and 0.9 m Drawbar 
In dist. (m) Angle (deg) Velocity (m/s) Iterations Elements Nodes Force-x (N) Force-y (N) Force-z (N) Drag Coefficient 
0.23 15 27.777 101 456747 161235 736.2 -40.9 1270.0 0.650 
0.23 20 27.777 94 456665 161357 753.8 -29.2 1270.0 0.665 
0.23 25 27.777 94 457892 161906 743.0 -77.9 1290.0 0.656 
0.23 30 27.777 94 461747 163005 756.8 -74.8 1300.0 0.668 
0.2875 15 27.777 77 455118 160901 774.0 24.5 1257.0 0.683 
0.2875 20 27.777 105 454522 160807 737.3 -5.6 1267.0 0.651 
0.2875 25 27.777 98 455872 161131 749.1 -66.4 1280.0 0.661 
0.2875 30 27.777 98 457803 161662 759.7 0.1 1267.0 0.671 
0.345 15 27.777 72 455783 161000 781.3 5.0 1262.0 0.690 
0.345 20 27.777 73 454670 160874 780.8 8.1 1264.0 0.689 
0.345 25 27.777 72 455296 160886 780.3 9.4 1267.0 0.689 
0.345 30 27.777 74 455407 161055 777.6 -3.2 1273.0 0.686 
0.4025 15 27.777 73 455016 160841 786.9 1.1 1258.0 0.695 
0.4025 20 27.777 72 455352 160936 791.0 -14.3 1271.0 0.698 
0.4025 25 27.777 75 455576 160891 784.4 -10.8 1272.0 0.692 
0.4025 30 27.777 76 456902 161295 779.3 -8.4 1279.0 0.688 
0.46 15 27.777 75 455534 161049 815.0 -7.4 1244.0 0.719 
0.46 20 27.777 75 455851 160981 797.3 -9.3 1262.0 0.704 
0.46 25 27.777 79 454575 160813 793.9 -32.2 1276.0 0.701 
0.46 30 27.777 76 455095 160928 796.4 -25.0 1282.0 0.703 
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Table I.3: Front to Side Chamfer Variance at 0.2 m High and 1.8 m Drawbar 
In dist. (m) Angle (deg) Velocity (m/s) Iterations Elements Nodes Force-x (N) Force-y (N) Force-z (N) Drag Coefficient 
0.23 15 27.777 69 537162 195732 694.1 75.0 1376.4 0.613 
0.23 20 27.777 70 538818 196482 690.2 73.2 1381.8 0.609 
0.23 25 27.777 80 541014 196840 686.5 77.0 1380.6 0.606 
0.23 30 27.777 76 541110 197023 693.2 84.2 1381.1 0.612 
0.2875 15 27.777 70 536376 195486 684.6 92.8 1373.7 0.604 
0.2875 20 27.777 69 537045 195825 688.6 90.3 1377.1 0.608 
0.2875 25 27.777 69 539743 196713 686.6 84.1 1382.6 0.606 
0.2875 30 27.777 70 539776 196470 687.6 90.8 1785.7 0.607 
0.345 15 27.777 67 534987 194889 686.9 111.7 1362.2 0.606 
0.345 20 27.777 67 538377 196229 684.4 105.9 1371.6 0.604 
0.345 25 27.777 65 536781 195607 690.8 97.7 1378.8 0.610 
0.345 30 27.777 69 538909 196563 691.6 105.7 1383.8 0.611 
0.4025 15 27.777 150 533491 194360 683.1 124.5 1359.4 0.603 
0.4025 20 27.777 68 536262 195330 686.2 118.5 1367.4 0.606 
0.4025 25 27.777 67 538258 196026 683.9 123.7 1371.8 0.604 
0.4025 30 27.777 67 537230 195780 693.8 112.0 1380.6 0.612 
0.46 15 27.777 68 535959 194944 678.5 135.8 1342.4 0.599 
0.46 20 27.777 68 535303 194839 677.7 129.0 1362.0 0.598 
0.46 25 27.777 68 534787 195027 688.5 126.1 1373.3 0.608 
0.46 30 27.777 69 536542 195383 688.3 122.7 1372.7 0.608 
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Table I.4: Front to Side Chamfer Variance at 0.2 m High and 0.9 m Drawbar 
In dist. (m) Angle (deg) Velocity (m/s) Iterations Elements Nodes Force-x (N) Force-y (N) Force-z (N) Drag Coefficient 
0.23 15 27.777 64 538759 196988 695.0 71.4 1248.0 0.614 
0.23 20 27.777 200 539938 197362 726.5 118.8 1294.0 0.641 
0.23 25 27.777 200 541183 197870 718.2 117.8 1301.0 0.634 
0.23 30 27.777 200 542034 198204 711.3 61.5 1267.0 0.628 
0.2875 15 27.777 180 539765 197227 738.5 164.0 1283.0 0.652 
0.2875 20 27.777 85 538643 196990 712.2 94.1 1270.0 0.629 
0.2875 25 27.777 200 538379 196851 706.0 107.8 1310.0 0.623 
0.2875 30 27.777 200 541040 197723 707.6 195.3 1270.0 0.625 
0.345 15 27.777 86 534754 195616 721.6 126.8 1274.0 0.637 
0.345 20 27.777 200 536876 196295 761.5 188.7 1288.0 0.672 
0.345 25 27.777 91 536945 196420 716.8 124.5 1278.0 0.633 
0.345 30 27.777 68 539849 197326 707.9 107.5 1254.0 0.625 
0.4025 15 27.777 91 536123 195935 714.4 142.3 1266.0 0.631 
0.4025 20 27.777 61 537340 196412 704.6 126.0 1257.0 0.622 
0.4025 25 27.777 61 538916 196871 698.5 119.3 1252.0 0.617 
0.4025 30 27.777 60 538303 196794 706.1 106.0 1252.0 0.623 
0.46 15 27.777 62 535908 195650 689.7 149.3 1244.0 0.609 
0.46 20 27.777 64 536449 195844 688.7 142.5 1254.0 0.608 
0.46 25 27.777 60 537206 196274 693.4 140.6 1256.0 0.612 
0.46 30 27.777 59 539118 196966 693.9 138.5 1262.0 0.613 
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Appendix J – Roof to Rear Chamfer Variance Results Data Sheets 
 
 
Table J.1: Roof to Rear Chamfer Variance at 0.5 m High and 1.8 m Drawbar 
Dist. (m) Angle (deg) Velocity (m/s) Iterations Elements Nodes Force-x (N) Force-y (N) Force-z (N) Drag Coefficient 
0.05 15 27.777 64 478330 167392 766.2 21.2 1453.0 0.676 
0.05 20 27.777 125 486705 169964 759.4 44.6 1448.0 0.670 
0.05 25 27.777 65 493833 171896 764.3 37.0 1456.0 0.675 
0.05 30 27.777 66 501930 174256 761.0 24.5 1447.0 0.672 
0.1 15 27.777 65 461357 162516 757.8 116.2 1445.0 0.669 
0.1 20 27.777 138 468984 164648 758.2 135.8 1446.0 0.669 
0.1 25 27.777 63 472190 165567 748.6 136.9 1436.0 0.661 
0.1 30 27.777 70 476494 166627 750.2 109.5 1447.0 0.662 
0.15 15 27.777 156 457391 161435 760.9 207.3 1446.0 0.672 
0.15 20 27.777 70 461344 162372 751.9 192.0 1446.0 0.664 
0.15 25 27.777 137 465258 163588 749.7 214.9 1438.0 0.662 
0.15 30 27.777 69 469066 164610 744.0 173.9 1440.0 0.657 
0.2 15 27.777 68 455009 160735 764.4 251.3 1448.0 0.675 
0.2 20 27.777 144 457329 161441 756.5 282.0 1440.0 0.668 
0.2 25 27.777 66 459773 162074 763.5 290.6 1443.0 0.674 
0.2 30 27.777 64 462531 162840 748.0 240.0 1439.0 0.660 
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Table J.2: Roof to Rear Chamfer Variance at 0.5 m High and 0.9 m Drawbar 
Dist. (m) Angle (deg) Velocity (m/s) Iterations Elements Nodes Force-x (N) Force-y (N) Force-z (N) Drag Coefficient 
0.05 15 27.777 89 480738 168044 711.4 -51.2 1322.0 0.628 
0.05 20 27.777 88 490234 170722 708.9 -37.2 1316.0 0.626 
0.05 25 27.777 93 497330 173014 716.8 -34.5 1313.0 0.633 
0.05 30 27.777 91 506140 175343 718.1 -54.4 1318.0 0.634 
0.1 15 27.777 91 465601 163783 694.6 34.3 1314.0 0.613 
0.1 20 27.777 91 471854 165470 688.7 55.3 1312.0 0.608 
0.1 25 27.777 89 475290 166608 699.8 61.8 1312.0 0.618 
0.1 30 27.777 88 479236 167773 699.0 26.3 1315.0 0.617 
0.15 15 27.777 91 461631 162612 701.4 160.6 1301.0 0.619 
0.15 20 27.777 91 464228 163415 695.8 194.1 1300.0 0.614 
0.15 25 27.777 91 468789 164503 692.3 189.6 1301.0 0.611 
0.15 30 27.777 91 469723 165119 685.6 99.6 1310.0 0.605 
0.2 15 27.777 96 457804 161513 733.6 242.1 1289.0 0.648 
0.2 20 27.777 91 460915 162437 704.3 212.2 1312.0 0.622 
0.2 25 27.777 92 462461 162962 706.4 232.8 1301.0 0.624 
0.2 30 27.777 88 465213 163618 692.7 222.0 1297.0 0.611 
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Table J.3: Roof to Rear Chamfer Variance at 0.2 m High and 1.8 m Drawbar 
Dist. (m) Angle (deg) Velocity (m/s) Iterations Elements Nodes Force-x (N) Force-y (N) Force-z (N) Drag Coefficient 
0.05 15 27.777 74 562490 203144 634.4 48.6 1383.0 0.560 
0.05 20 27.777 76 571970 205872 633.6 69.7 1385.0 0.559 
0.05 25 27.777 71 578095 207622 640.4 62.6 1386.0 0.565 
0.05 30 27.777 71 585120 209887 637.3 27.1 1389.0 0.563 
0.1 15 27.777 71 549631 199421 656.5 118.8 1391.0 0.580 
0.1 20 27.777 74 554334 200672 648.3 147.4 1387.0 0.572 
0.1 25 27.777 73 558239 201809 652.3 153.8 1386.0 0.576 
0.1 30 27.777 73 562358 203024 643.8 134.9 1387.0 0.568 
0.15 15 27.777 74 544830 198085 663.8 163.2 1401.0 0.586 
0.15 20 27.777 72 547555 198712 661.8 198.2 1399.0 0.584 
0.15 25 27.777 73 552727 200306 662.1 204.6 1393.0 0.584 
0.15 30 27.777 73 553964 200660 655.5 197.6 1390.0 0.579 
0.2 15 27.777 72 541054 197093 663.5 196.6 1404.0 0.586 
0.2 20 27.777 80 542488 197434 676.3 240.6 1393.0 0.597 
0.2 25 27.777 79 545629 198357 672.1 248.4 1386.0 0.593 
0.2 30 27.777 75 547297 198712 661.4 239.3 1399.0 0.584 
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Table J.4: Roof to Rear Chamfer Variance at 0.2 m High and 0.9 m Drawbar 
Dist. (m) Angle (deg) Velocity (m/s) Iterations Elements Nodes Force-x (N) Force-y (N) Force-z (N) Drag Coefficient 
0.05 15 27.777 67 565819 204391 625.3 55.2 1254.0 0.552 
0.05 20 27.777 63 574262 206736 627.7 57.9 1248.0 0.554 
0.05 25 27.777 184 580457 208695 663.4 28.3 1267.0 0.586 
0.05 30 27.777 68 588147 210756 620.7 74.2 1244.0 0.548 
0.1 15 27.777 66 551627 200213 640.9 137.7 1257.0 0.566 
0.1 20 27.777 62 556811 201737 637.7 148.5 1251.0 0.563 
0.1 25 27.777 68 561712 203185 630.0 166.6 1255.0 0.556 
0.1 30 27.777 200 564386 204001 671.8 175.7 1268.0 0.593 
0.15 15 27.777 66 544955 198298 654.4 177.4 1256.0 0.578 
0.15 20 27.777 62 548940 199398 647.7 193.9 1261.0 0.572 
0.15 25 27.777 65 552825 200418 645.1 214.7 1260.0 0.569 
0.15 30 27.777 65 555868 201596 645.8 206.2 1248.0 0.570 
0.2 15 27.777 200 541627 197610 671.7 202.2 1338.0 0.593 
0.2 20 27.777 67 545283 198445 648.5 247.4 1265.0 0.572 
0.2 25 27.777 65 546160 198769 657.0 257.4 1263.0 0.580 
0.2 30 27.777 200 549948 199768 695.6 281.4 1291.0 0.614 
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Appendix K – Residual Convergence Graph Examples 
 
All Graphs are from simulations with a caravan 0.2 m high, 0.9 drawbar and 0.6 m front 
to roof chamfer depth at angles of 15, 20, 25 and 30 in that order. The graphs show the 
general shape of the residual convergence where different iterations were required. 
 
 
 
Figure K.1: Momentum and Mass Convergence Graph for 75 Iterations 
 
 
 
Figure K.2: Turbulence Convergence Graph for 75 Iterations 
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Figure K.3: Momentum and Mass Convergence Graph for 66 Iterations 
 
 
 
Figure K.4: Turbulence Convergence Graph for 66 Iterations 
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Figure K.5: Momentum and Mass Convergence Graph for 200 Iterations 
 
 
 
Figure K.6: Turbulence Convergence Graph for 200 Iterations 
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Figure K.7: Momentum and Mass Convergence Graph for 100 Iterations 
 
 
 
Figure K.8: Turbulence Convergence Graph for 100 Iterations 
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Figure K.9: Wallscale Convergence Graph for 75 Iterations 
 
 
Only one Wallscale graph is included as all looked exactly the same with a flat line after 
very few iterations resembling convergence.  
